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ABSTRACT 

The  goal  of  this  project  was  to  establish  the  scientific  basis  for  a  new  class  of  antibiotics  that  are  needed  to  combat  the  development  of 
resistance  to  currently  available  medications  or  the  engineering  of  resistance  into  biological  select  agents.  A  multidisciplinary  team  of 
microbiologists,  biochemists,  molecular  biologists  and  drug  discovery  experts  was  established  to  explore  the  hypothesis  that  disruption  of 
bacterial  primase  activity  will  provide  the  basis  for  antimicrobial  discovery  and  further,  that  the  modular  components  of  primase  will 
provide  for  the  discovery  of  broad-  and  narrow- spectrum  antibiotics.  The  experimental  model  examined  the  functional  activities  of  the 
Gram  positive  Staphylococcus  aureus  with  the  Gram  negative  E.  coli  for  purposes  of  establishing  a  protocol  for  extension  to  select  agents 
including  Bacillus  anthracis  and  Yersinia  pestis.  Important  discoveries  that  confirmed  the  potential  of  this  approach  included  the  finding  that 
S.  aureus  primase  synthesized  RNA  using  a  different  initiation  site  from  that  previously  found  for  E.  coli,  and  that  helicase  stimulation  of 
primase  was  restricted  at  the  genus  level.  Results  were  confirmed  with  recombinant  Y.  pestis  and  B.  anthracis  proteins.  A  two  prong 
approach  was  used  to  identify  chemicals  that  could  serve  as  compounds  leading  to  a  new  antimicrobial  drug  including  computational 
screening  of  chemical  libraries  and  high  throughput  screening  positioning  this  work  for  the  next  phase  of  development. 
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1.  Introduction 

Antibiotic  resistance  in  bacteria  is  a  growing  problem  for  military  and  civilian 
populations.  A  recent  report  from  the  CDC  determined  that  methicillin  resistant 
Staphylococcus  (MRSA)  caused  more  deaths  in  the  United  States  in  2005  that  occurred 
due  to  HIV  infection.  In  addition,  bacterial  select  agents  may  have  been  engineered  to 
be  resistant  to  many  classes  of  currently  available  antibiotics.  Therefore  a  great  need 
exists  for  discovery  of  new  targets  for  development  of  antibiotics. 

We  have  identified  a  molecular  target  termed  Dna  G  primase,  that  is  a  protein  essential 
for  bacterial  DNA  replication  and  meets  the  criteria  for  novel  drug  discovery. 
Biochemical  and  molecular  studies  were  performed  to  characterize  key  interactions  of 
primase  with  DNA  and  a  second  protein  involved  in  the  replication  process  termed 
helicase.  The  primase  and  helicase  proteins  for  Staphylococcus  aureus  were  cloned  and 
expressed  for  proof  of  principle  studies.  The  DNA  binding  specificities  and  the  helicase 
stimulation  response  were  characterized  and  shown  to  differ  from  E.  coli,  the  only  other 
bacteria  studied  prior  to  this  work.  This  work  is  summarized  in  the  attachment  manuscript 
number  1. 

2.  Cloning  and  expression  of  new  targets. 

The  goal  of  this  project  was  to  demonstrate  that  lessons  learned  in  the  prototype  test 
system  could  be  applied  to  other  bacteria  of  special  interest  to  the  military  including  those 
that  have  been  used  as  biological  weapons.  Subsequently,  the  primase  and  helicase  from 
Yersinia  pestis  and  Bacillus  anthracis.  To  complete  the  analysis  and  clearly  demonstrate 


the  broad  spectrum  and  narrow  spectrum  application  of  our  work  we  also  selected  other 
bacteria  for  study.  Therefore  Pseudomonas  aerugenosa  primase  was  cloned  in  our 
laboratories  and  the  Geobacillus  sterothermophilus  and  Aquifex  aerolicus  were  cloned  in 
laboratories  of  our  collaborators  and  purified  and  tested  in  our  laboratories.  The  goal  of 
this  work  was  to  examine  whether  the  results  seen  in  S.  aureus  and  E.  coli  were  truly 
predictive  of  all  bacteria.  Therefore,  we  studied  not  only  common  pathogens,  but  also 
bacteria  that  grow  in  extreme  environments,  ie  Aquifex  aerolicus.  Several  problems  had 
to  be  overcome,  the  most  significant  being  the  lack  of  solubility  of  primase  when  it  is 
expressed  at  high  concentration. 

Results  show  that  the  biochemical  interactions  between  primase  and  DNA  are  common 
among  the  Gram  positive  organisms  studied  to  date  and  that  the  key  determinants  of  this 
interaction  are  different  from  Gram  negative  organisms.  Additional  studies  showed  that 
the  interactions  between  primase  and  helicase  were  unique  and  generally  specific  to  the 
species  under  study.  These  findings  were  correlated  with  structural  information 
regarding  those  proteins  that  have  been  crystallized.  Results  of  these  studies  are 
described  in  published  manuscript  number  2  and  submitted,  but  currently  unpublished 
manuscripts  number  1  and  2. 

3.  Computational  screening. 

Two  different  approaches  were  taken  to  identify  inhibitory  compounds  including 
computational  modeling  and  in  silico  screening  of  large  chemical  structure  libraries,  and 
two,  chemical  compound  library  screening.  We  identified  one  compound  called 
myricetin  that  is  a  known  inhibitor  of  helicases  and  kinases.  We  demonstrated  that 
myricetin  is  an  effective  noncompetitive  inhibitor  of  the  ATPase  activity  of  E.  coli  DnaB 
helicase  (IC50  of  1 1  mM).  This  work  helped  position  us  to  explore  other  compounds.  The 
results  of  these  studies  are  summarized  in  attached  published  manuscript  3.  The 
computational  screening  identified  10  compounds  which  were  subsequently  evaluated. 
None  of  these  compounds  showed  sufficient  promise  to  be  studied  further  and  all  efforts 
were  directed  to  the  second  screening  strategy. 

4.  Creation  of  a  drug  screening  paradigm. 

As  our  capability  to  produce  and  purify  large  quantities  of  primase  improved,  were  were 
able  to  implement  a  more  comprehensive  strategy  for  identification  of  lead  compounds 
and  that  was  high  throughput  screening  (HPT).  A  comprehensive  drug  screening 
paradigm  was  developed  and  40,000  compounds  tested.  In  the  first  screen,  800 
compounds  were  identified  that  met  the  first  level  of  activity,  of  which  12  were  chosen  in 
secondary  screens  and  counter  screens.  In  aggregate  these  studies  have  provided  a 
comprehensive  analysis  of  the  biological  properties  of  replicative  primase  and  revealed 
the  potential  for  an  entirely  new  class  of  therapeutic  agents  with  either  broad  spectrum  or 
narrow  spectrum  coverage.  The  body  of  work  is  now  ready  for  transfer  to  the  next  stage 
of  development  and  partnering  with  a  pharmaceutical  or  biotech  company. 


Attachment  4. 1 


Antimicrobial  Discovery  Projeet 

Data  analysis  strategy  and  summary 

Goal:  Optimize  the  screening  assay  to  detect  a  50%  reduction  in  activity  in 
presence  of  inhibitor. 

Experiment  one.  In  the  first  experiment  using  our  high  throughput  screening 
(HTS)  assay  on  the  primary  screen  selected  TimTec  library,  we  used  1800  nM  Primase  + 
200  nM  template  with  eompound  library  eoncentrations  of  20  nM.  Under  these 
conditions,  it  was  expected  that  we  would  deteet  a  10%  inhibition  under  the  most 
favorable  conditions.  The  screen  was  performed  and  it  was  found  that  the  error  in  the 
assay  was  approximately  7%,  and  therefore  it  was  unlikely  that  any  of  the  potential  hits 
were  inhibitors  with  any  eonfidence. 

We  explored  two  possibilities  for  dealing  with  this  problem,  either  lower  the 
enzyme  and  template  to  20  nM,  or  use  higher  compound  concentrations  that  are  the  same 
as  the  enzyme  and  template.  A  series  of  experiments  were  performed  to  test  the 
feasibility  of  the  first  approach. 

Second  experiment:  The  fluorometrie  primer  synthesis  reaetion  were  performed 
in  duplieate  using  either  1/250  or  1/500  dilutions  of  PicoGreen;  either  20,  500,  or  1500 
nM  Primase;  and  either  20,  50,  or  500  nM  template. 

Results: 

The  background  fluorescence  was  the  same  regardless  of  PieoGreen  dilution  (data 
not  shown).  It  was  subtraeted  from  all  values  to  obtain  the  baekground-correeted 
fluorescence  intensities. 

Fo:  The  background-corrected  initial  fluorescence  intensity  Fo’  is  dependent  on 
PieoGreen  dilution.  The  average  from  about  17  runs  (data  not  shown)  established  that 
Fo’  was  14%  lower  when  using  1/500  diluted  PieoGreen.  A  low  Fo  is  advantageous 
because  our  signal  is  determined  by  F/Fo. 

Fmax/Fo:  The  maximum  signal  generated  by  each  combination  of  primase  and 
template  is  shown  in  the  table  below.  In  the  presence  of  20  nM  Primase,  the  signal 
decreases  as  Template  cone  is  increased  above  20 


Table  1:  Scale  Down  Results 


PicoGreen 

|P1 

ID] 

Fmax/Fo 

1/250 

20 

20 

2.24 

1/250 

500 

20 

3.39 

1/250 

1500 

20 

10.26 

1/250 

20 

50 

1.08 

1/250 

500 

50 

2.88 

1/250 

1500 

50 

7.80 

1/250 

20 

200 

0.95 

1/250 

500 

200 

2.98 

Ratio  of 

1/250 

1500 

200 

7.36 

500/250 

1/500 

20 

20 

1.54 

0.69 

1/500 

500 

20 

3.35 

0.99 

1/500 

1500 

20 

10.42 

1.02 

1/500 

20 

50 

0.94 

0.87 

1/500 

500 

50 

3.12 

1.08 

1/500 

1500 

50 

7.70 

0.99 

1/500 

20 

200 

0.76 

0.80 

1/500 

500 

200 

3.30 

1.11 

1/500 

1500 

200 

8.28 

1.13 

nM.  This  makes  sense  because  fewer  templates  can  be  primed  and  the  Fo  increases  due  to 
so  much  free  Template.  In  the  presence  of  500  or  1500  nM  primase,  the  signal  is 
constant  or  even  decreases  as  the  Template  is  increased  to  200  nM. 

PicoGreen  dilution:  Since  all  reactions  were  performed  at  two  different  dilutions 
of  PicoGreen,  the  ratio  of  the  two  signals  can  be  compared.  The  average  of  ratio  of  the 
1/500  dilution  to  the  1/250  dilution  is  1.00  ±  0.1 1  indicating  that  there  is  no  difference  in 
the  magnitude  of  the  Fmax/Fo  despite  the  different  dilutions.  This  means  that  the  1/500 
should  be  used  to  save  costs  and  to  make  use  of  the  14%  lower  Fo. 

Z-factor:  The  utility  of  an  assay  for  HTS  is  determined  by  its  Z-factor.  The  Z- 
factor  calculation  determines  the  95%  confidence  of  the  assay.  If  the  Z-factor  is  between 
0.5  and  1.0,  then  the  ability  to  determine  “hits”  is  considered  excellent.  The  equation  is 
Z-factor  =1  —  (3  X  (ap  +  an))/(pp  —  pn),  where  a  is  the  standard  deviation,  p  is  the 
average,  p  is  the  positive  control  signal,  and  n  is  the  negative  control.  In  the  case  of  the 
“Scale  Down  Test”,  the  standard  deviation  was  approximately  0.07. 


The  20  nM  Primase  and  20  nM  Template  data  set  indicates  that  Fmax/Fo  is  2.24 

for  the  1/250  PicoGreen  dilution.  Since  our  negative  control  generates  an  Fo/Fo  of  1.00, 

all  of  the  numbers  can  be  inserted  into  the  Z-factor  equation  to  find  that  it  is  0.66. 

Experiment  3.  Determine  the  optimal  concentration  of  DMSO  with  the  goal  of 
increasing  the  signal  to  greater  than  2.  Previously,  we  used  2%  DMSO  in  the  HTS  assay. 
Therefore,  2%  (previous  HTS  condition),  10%,  20%,  &  40%  DMSO  was  tested. 

Results:  results  showed  that  20%  increased  the  signal  the  most,  whereas,  40%  DMSO 
inhibited  DnaG. 

Experiment  4.  Optimization  of  enzyme  and  template  concentrations.  Triplicate  test 
reactions  were  performed  w/  20%  DMSO  w/o  &  w/  either  2.5%  &  5%  PEG  &  [SaP]= 
[template]  in  either  a  20  uL  or  40  uL  rxn.  More  specifically,  200  nM  SaP  w/  200  nM 
template,  100  nM  SaP  w/ 100  nM  template,  50  nM  SaP  w/  50  nM  template,  &  25  nM  SaP 
w/  25  nM  template  was  evaluated. 

Results.  Results  demonstrated  that  the  optimal  concentration  of  SaP  was  200  nM. 

Further,  PEG  did  not  increase  the  signal  in  the  presence  of  DMSO.  The  %  error  was  the 
same  for  the  20  uL  &  40  uL  rxns.  So  we  now  know  that  we  can  use  200  nM  SaP,  200 
nM  template  in  a  20  uL  rxn  that  contains  20%  DMSO  with  a  1 :250  PicoGreen  dilution  & 
probably  even  a  1 :500  PicoGreen  dilution  (see  Experiment  3  description  above  for 
PicoGreen  dilutions). 


Conclusion:  The  assay  has  been  optimized  to  identify  hits  using  200  nM  Primase 
and  Template  with  20%  DMSO. 

5.  Demonstration  of  genus  specific  modularity  of  primase  in  bacteria 

Based  on  the  work  described  above,  we  belived  that  primase  initiation  specificity  in  all 
Firmicutes  and  Gamma-proteobacteria  would  differ,  but  that  the  DnaG  recognition 
sequences  would  be  shared  by  members  within  these  bacterial  classes.  To  examine  the 
mechanistic  details  of  the  modular  functions  of  bacterial  primase  we  have  swapped  the 
Zinc-binding  domain  (ZBD),  RNA  polymerase  domain  (RPD),  and  C-terminal  domain 
(CTD)  from  the  Gram-positive  Firmicute  Staphylococcus  aureus  primase  and  the  Gram¬ 
negative  Gamma-proteobacteria  Escherichia  coli  primase.  In  this  work  we  confirmed  the 
modularity  of  primase ’s  three  domains,  as  well  as  clarified  their  function.  More 
specifically,  both  the  ZBD  and  the  RPD  of  primase  were  shown  to  contribute  to  primer 
synthesis  in  that  the  ZBD  influenced  template  specificity  and  the  RPD  regulated 
processivity. 

Experiments  were  performed  to  evaluate  primase-helicase  cross  stimulation  between  the 
chimeric  primases,  as  well  as  members  of  these  two  different  bacterial  classes.  We 
determined  that  the  CTD  of  primase  interacts  with  helicase,  but  the  relative  ability  of 
Gram-positive  Firmicute  and  Gram-negative  Gamma-proteobacteria  helicases  to 
stimulate  primase  within  the  same  bacterial  class  is  limited  in  that  only  closely  related 


microbes  can  cross-stimulate.  Collectively,  these  results  provide  clues  to  the  domain(s) 
involved  in  primase-helicase  and  protein-nucleic  acid  interactions,  as  well  as  features 
shared  or  unique  to  these  two  divergent  bacterial  classes  of  primases. 

This  work  is  summarized  in  the  material  presented  below.  This  will  be  the  basis  of  a 
manuscript  that  has  not  been  submitted  at  the  time  of  this  report. 

INTRODUCTION 

We  hypothesized  that  Gram-positive  Firmicute  primases  have  trinucleotide  initiation 
specificities  that  are  similar  to  each  other,  but  that  differ  from  those  of  Gram-negative 
Gamma-proteobacterial  primases.  In  addition,  we  propose  that  template  recognition  is 
associated  with  specific  residues  in  the  N-terminal  Zinc  Binding  Domain  (ZBD),  but 
influenced  by  the  processivity  of  the  RNA  Polymerase  Domain  (RPD).  We  also 
hypothesis  that  the  C-terminal  Domain  (CTD)  of  primase  interacts  directly  with  the 
hexameric  helicase,  but  that  an  increase  in  primer  synthesis  only  occurs  when  both  of 
these  replication  proteins  are  from  the  same  or  closely  related  bacteria. 

To  date  primase  initiation  specificity  for  two  Firmicutes  and  three  Gamma- 
proteobacteria,  as  well  a  member  of  the  bacterial  class  Aquificae,  has  been  determined. 
We  have  determined  that  Bacillus  anthracis  share  initiation  specificity  with  other 
Firmicutes. 

RESULTS 

Initiation  Specificity  of  Firmicutes,  Gamma-proteobacteria,  and  Aquificae  bacterial 
DnaG  primases 

Table  1.  Bacterial  Genome  Content,  Primase  Sequence  Homology,  and  Primase 
Initiation  Specificity. 

Primer  synthesis  assays  with  the  B.  anthracis  DnaG  revealed  that  CTA  was  the 
preferred  initiation  trinucleotide  and  that  TTA  was  also  recognized,  but  to  a  much 
reduced  level,  confirming  that  primases  from  Firmicutes  have  the  same  initiation 
specificity  (Table  1).  Therefore,  Firmicutes  and  Gamma-proteobacteria  share  primase 
initiation  trinucleotides  with  other  members  within  that  bacterial  class  and  that  these 
DnaG  recognition  trinucleotides  differ  from  a  member  of  the  group  Aquificae. 

Functional  role  of  each  domain  in  bacterial  primase 

Figure  1.  De  novo  primer  synthesis  by  the  CTD  swapped  primases.  Comparison  of 
primer  synthesis  by  wild-type  DnaG  from  S.  aureus  and  E.  coli  to  CTD  swapped 
primases  using  ssDNA  templates  that  contain  (A)  the  S.  aureus  primase  recognition 
trinucleotides  CTA  or  TTA  or  (B)  the  E.  coli  primase  initiation  sequence  CTC. 


Results  showed  that  the  CTD  from  E.  coli  DnaG  did  not  substantially  alter 
priming  specificity  by  the  S.  aureus  ZBD  and  RPD  with  the  Firmicute  primase 
recognition  sequences  CTA  or  TTA  (Figure  1  A).  Similar  to  wild-type  E.  coli  primase, 
the  chimeric  primase  containing  the  ZBD  and  RPD  from  E.  coli  primase  with  the  CTD 
from  S.  aureus  primase  did  not  produce  any  primers  with  the  Firmicute  TTA  initiation 
sequence  and  both  primases  had  only  minimal  activity  with  the  CTA  template. 

Data  showed  that  the  CTD  of  E.  coli  DnaG  is  not  required  for  primer  production 
on  the  preferred  E.  coli  primase  initiation  sequence  CTC  (Figure  IB).  Moreover,  neither 
the  absence  of  the  E.  coli  primase  CTD  nor  the  presence  of  the  S.  aureus  CTD  altered  the 
length  or  amount  of  primers  synthesized  by  the  chimeric  primase  containing  the  E.  coli 
primase  ZBD  and  RPD  with  the  S.  aureus  primase  CTD.  The  wild-type  S.  aureus 
primase  and  the  chimeric  primase  containing  the  S.  aureus  primase  ZBD  and  RPD  with 
the  E.  coli  primase  CTD  only  had  minimal  activity  with  the  CTC  template. 

Collectively,  these  results  demonstrate  that  the  CTD  of  DnaG  does  not 
substantially  influence  class-specific  template  recognition  or  primer  synthesis  in  the 
absence  of  helicase. 

Figure  2.  Primer  synthesis  on  the  CTA  and  CTC  templates  by  the  chimeric  protein 
containing  the  ZBD  of  S.  aureus  primase  and  the  RPD  and  CTD  of  E.  coli  primase. 

Priming  on  the  Firmicute  recognition  sequence  CTA  was  retained  by  the  ZBD 
swapped  chimera  containing  the  S.  aureus  primase  ZBD,  demonstrating  that  the  ZBD 
does  indeed  have  a  substantial  role  in  template  recognition.  However,  the  amount  of  full- 
length  primers  was  reduced  without  the  presence  of  the  cognate  S.  aureus  primase  RPD. 

In  addition,  the  chimeric  primase  containing  the  ZBD  of  S.  aureus  primase 
recognized  the  initiation  trinucleotide  CTC  preferred  by  wild-type  E.  coli  primase.  These 
results  showed  that  the  presence  of  the  E.  coli  primase  RPD  contributed  to  the  high 
abundance  of  primers  produced  which  was  approximately  2-fold  higher  than  the  amount 
of  primers  synthesized  by  wild-type  E.  coli  primase  with  this  template  (Figure  1).  These 
data  suggested  that  the  high  processivity  of  the  E.  coli  primase  RPD  releases  template 
specificity  in  this  ZBD  swapped  chimeric  primase  and  that  the  E.  coli  primase  ZBD  may 
also  have  a  regulatory  role  that  negatively  affects  primer  synthesis  by  wild-type  E.  coli 
primase. 

Comparison  of  the  different  RNA  polymer  lengths  produced  with  templates 
containing  the  preferred  Firmicute  initiation  trinucleotide  CTA  by  the  chimera  containing 
the  E.  coli  primase  ZBD  and  RPD  and  the  CTD  of  S.  aureus  primase  (Figure  1)  with  that 
of  the  chimera  containing  the  ZBD  of  S.  aureus  primase  and  the  RPD  and  CTD  of  E.  coli 
primase  (Figure  2)  were  similar,  but  the  amount  of  primers  produced  by  the  later  DnaG 
chimera  were  substantially  higher.  These  data  further  demonstrated  the  high  processivity 
of  the  E.  coli  primase  RPD  when  present,  but  that  the  ZBD  is  predominately  responsible 
for  template  specificity. 

Unfortunately,  the  activity  of  the  chimera  containing  the  ZBD  of  E.  coli  primase 
and  the  RPD  and  CTD  of  S.  aureus  primase  was  minimal  and  no  trinucleotide  specificity 
was  observed  with  either  the  CTA  or  CTC  templates  (data  not  shown). 


Collectively,  these  results  showed  that  the  ZBD  swapped  primase  exhibited 
hybrid  activity  without  the  presence  of  the  cognate  RPD,  but  that  template  specificity  is 
predominately  determined  by  the  ZBD  and  that  processivity  is  controlled  by  the  RPD. 

Figure  3.  Residues  in  the  ZBD  of  DnaG  that  contribute  to  template  recognition.  (A) 
Multiple  sequence  alignment  of  bacterial  primase  ZBD  from  selected  Firmicutes, 
Gamma-proteobacteria,  and  Aquificae.  (B)  Primer  synthesis  on  the  various  trinucleotide 
templates  by  modified  DnaG  proteins  with  single  and  double  mutations  in  the  ZBD. 

Figure  4.  Primer  synthesis  by  S.  aureus  and  E.  coli  primases  without  their  cognate  CTD 
either  in  the  absence  or  presence  of  their  respective  helicase. 

The  ZBD  and  RPD  of  the  primases  from  S.  aureus  or  E.  coli  primase  were 
sufficient  for  de  novo  primer  synthesis.  In  fact  the  apparent  activity  of  the  truncated 
DnaG  without  the  CTD  was  higher  than  the  full-length  primase,  suggesting  that  the  CTD 
negatively  regulates  the  activity  of  the  native  bacterial  primases.  However,  the  activity  of 
these  truncated  primases  was  inhibited  by  the  presence  of  their  respective  helicase, 
demonstrating  that  helicase  stimulated  primer  synthesis  requires  the  CTD  of  primase. 

Figure  5.  Helicase  stimulation  of  the  CTD  and  ZBD  swapped  chimeric  primases.  (A)  S. 
aureus  helicase  stimulation  of  the  chimeric  primase  containing  the  E.  coli  primase  ZBD 
and  RPD  and  the  S.  aureus  primase  CTD.  (B)  E.  coli  helicase  stimulation  of  the  chimeric 
primase  containing  the  S.  aureus  primase  ZBD  and  RPD  and  the  E.  coli  primase  CTD 
and  the  chimeric  primase  containing  the  S.  aureus  primase  ZBD  and  the  E.  coli  primase 
RPD  and  CTD. 

Unexpectedly,  the  chimeric  primase  containing  the  E.  coli  primase  ZBD  and  RPD 
with  the  S.  aureus  primase  CTD  was  stimulated  by  S.  aureus  helicase  using  the 
Firmicute-specific  CTA  template  (Figure  5A),  but  not  with  the  CTC  template  (data  not 
shown).  These  results  suggested  that  S.  aureus  helicase  does  interact  with  the  S.  aureus 
CTD,  but  that  the  specificity  changes  without  the  cognate  ZBD  and  RPD. 

Again  the  activity  of  the  chimera  containing  the  ZBD  of  E.  coli  primase  and  the 
RPD  and  CTD  of  S.  aureus  primase  was  minimal,  regardless  of  trinucleotide-specific 
template  used,  and  was  not  stimulated  by  the  presence  of  S.  aureus  helicase  (data  not 
shown). 

The  presence  of  E.  coli  helicase  influenced  primer  synthesis  by  the  chimeric 
primase  containing  the  S.  aureus  primase  ZBD  and  RPD  and  the  E.  coli  primase  CTD 
such  that  the  length  of  the  primers  were  reduced,  similar  to  the  stimulation  of  wild-type 
E.  coli  primase  by  E.  coli  helicase  (Figure  5B).  However,  the  amount  of  primers 
produced  by  the  chimeric  primase  was  substantially  reduced.  These  results  show  that  E. 
coli  helicase  does  interact  with  the  E.  coli  primase  CTD.  However,  the  presence  of  the 
cognate  CTD  to  the  helicase  used  for  stimulation  is  not  sufficient  for  optimum 
stimulation,  suggesting  that  the  interaction  between  the  ZBD  and  RPD  of  DnaG  is 
altered. 

Although  both  the  RPD  and  CTD  of  E.  coli  primase  were  present  in  the  chimeric 
primase  containing  the  S.  aureus  primase  ZBD,  E.  coli  helicase  inhibited  primer  synthesis 


(Figure  5B).  Overall,  these  data  suggested  that  helicase  stimulation  modulated  primer 
synthesis  by  a  conformational  change  that  alters  the  interaction  between  all  three  primase 
domains,  especially  if  the  ZBD  and  RPD  of  primase  are  not  from  the  same  bacterium. 
These  results  further  support  the  notion  that  the  primase-helicase  interaction  in  vivo  has 
evolved  such  that  these  essential  proteins  regulate  each  others  activity  via  modulation  of 
the  various  domains. 

Figure  6.  In  vivo  rescue  of  E.  coli  dnaG  mutant  with  wild-type  E.  coli  DnaG  and 
chimeric  primases  that  contain  the  CTD  from  E.  coli  DnaG. 

Species  specificity  of  primase-helicase  interactions 

Figure  7.  Cross-stimulation  of  Firmicute  and  Gamma-proteobacterial  primases  and 
helicases.  (A)  S.  aureus  helicase  stimulation  of  primases  from  B.  anthracis  and  G. 
stearothermophilus  and  vice  versa.  (B)  E.  coli  helicase  stimulation  of  primases  from  Y. 
pestis  and  P.  aeruginosa  and  vice  versa. 

G.  stearothermophilus  helicase  inhibited  S.  aureus  primase  activity  possibly  due 
to  inherent  differences  between  mesophilic  versus  thermophilic  replication  enzymes 
(Figure  7 A). 

E.  coli  helicase  stimulated  Y.  pestis  primase  and  Y.  pestis  helicase  stimulated  E. 
coli  primase.  However,  the  helicases  from  E.  coli  and  Y.  pestis  did  not  stimulate  P. 
aeruginosa  primase,  nor  did  P.  aeruginosa  helicase  stimulate  the  primases  from  E.  coli 
and  Y.  pestis  (Figure  7B).  Collectively,  these  results  demonstrated  that  the  replicative 
helicase  must  be  from  closely  related  bacteria  in  order  to  functionally  interact  with  DnaG 
and  stimulate  primer  synthesis. 

Structural  differences  in  Firmicute  and  Gamma-proteobacterial  DnaG  CTDs 

Figure  8.  Model  of  primase-helicase  complex  at  DNA  replication  fork. 

Confirmed  modularity  of  DnaG  primase’s  three  domains:  the  ZBD,  the  RPD  and  the 
CTD,  as  well  as  clarified  the  functional  role  of  these  domains. 

Domain  swapping  of  primase  from  S.  aureus  and  E.  coli  revealed  that  the  CTD  swapped 
chimeras  exhibited  activity  that  corresponded  to  the  chimeric  primase  ZBD  and  RPD  and 
that  primer  synthesis  was  similar  to  that  of  the  wild-type  DnaG  in  the  absence  of  helicase. 
Therefore,  the  presence  of  a  CTD  from  a  primase  that  is  from  a  different  bacterial  class, 
has  a  minimal  role  in  primer  synthesis  activity  by  the  ZBD  and  RPD  in  the  absence  of 
helicase.  In  contrast,  the  ZBD  swapped  primases  displayed  hybrid  activity,  suggesting 
that  any  modulation  of  the  linker  region  between  the  ZBD  and  RPD  will  alter  primer 
production.  Overall,  these  results  demonstrated  that  the  ZBD  influences  trinucleotide 
specificity  and  that  the  RPD  controls  processivity. 


Demonstrated  that  the  ZBD  and  RPD  of  bacterial  primases  are  sufficient  for  de  novo 
primer  synthesis  and  therefore,  confirmed  that  the  CTD  is  not  required  for  primer 
synthesis  in  the  absence  of  helicase.  In  addition,  these  truncated  primases  have  higher 
activity  than  the  corresponding  full-length  DnaG  in  the  absence  of  helicase  and  that  in  the 
presence  of  helicase,  primase  activity  by  the  ZBD  and  RPD  was  inhibited,  suggesting  an 
autoregulatory  role  for  the  CTD. 

Species  specificity  of  primase-helicase  interactions 

CTD  domain  swapping  of  primase  from  S.  aureus  and  E.  coli  revealed  that  the  presence 
of  the  CTD  that  corresponds  to  the  helicase  was  not  sufficient  for  stimulated  primer 
synthesis  and  that  the  interaction  between  all  three  primase  domains  was  critical  for 
helicase  stimulated  primer  synthesis. 

Cross-stimulation  between  primase  and  helicase  was  restricted  to  only  closely  related 
members  of  the  same  bacterial  class. 

Structural  differences  in  Firmicute  and  Gamma-proteobacterial  DnaG  CTDs 

A  model  was  proposed  of  the  primase-helicase  complex  that  explains  the  productive 
interaction  of  these  essential  proteins  at  the  replication  fork  that  results  in  stimulated 
primer  synthesis  and  that  is  species  specific. 


FIGURES  and  FIGURE  LEGENDS 


Table  1.  Bacterial  Genome  Content,  Primase  Sequence  Homology,  and 
Primase  Initiation  Specificity. 


Gram-positive  Firmicutes 


Overall/ZBD 

Microbe _ G/C  Content^ _ %ID  (%  Similarity)** _ Trinucleotide 

Initiation  Specificity 

S.  aureus  (N31 5)  33%  100  (100)/100  (100)  CTA>TTA 

B.  anthracis  {Ames)  35%  37  (51)/53  (64)  CTA>TTA‘' 

G.  stearothermoDhilus  NA° _ 36  (47V53  (611 _ CTA>TTA^ 


Gram-negative  Gamma-proteobacteria 


Microbe 

G/C  Content® 

Overall/ZBD 
%ID  (%  Similaritv)” 

Trinucleotide 

Initiation  Specificitv 

E.  co//(K12) 

51% 

100(100)/100(100) 

CTOCTG 

Y.  pestis  (C092) 

48% 

77  (82)/90  (96) 

CTG>CTA 

P.  aeruainosa  /PA011 

56  /67y63  /741 

CTG>CTA 

Gram-negative  Aauificae 


Overall/ZBD 

Microbe _ G/C  Content^ _ %ID  (%  Similaritv)° _ Trinucleotide 

Initiation  Specificity 

A.  aeolicus _ 43% _ 34/47 V48  (551  &  36  /48V41  /491 CGOCCG 

“Percent  G/C  content  in  the  bacterial  chromosome. 

“’Primase  sequence  identity  and  similarity  are  relative  to  S.  aureus  DnaG  for  the  Firmicutes  and 
relative  to  E.  coli  DnaG  for  the  Gamma-proteobacteria. 

'Primase  sequence  identity  and  similarity  are  relative  to  S.  aureus  DnaG  and  E.  coli  DnaG, 
respectively. 

'“Primase  initiation  specificity  determined  in  this  study. 

“Microbial  genome  sequencing  project  not  incomplete  and  in-progress. 

^Data  derived  from  Twirlway  and  Soultanas  (2006)  and  confirmed  by  our  laboratory. 


Figure  1.  De  novo  primer  synthesis  by  the  CTD  swapped  primases. 

Comparison  of  primer  synthesis  by  wild-type  DnaG  from  S.  aureus  and  E.  coli  to 
CTD  swapped  primases  using  ssDNA  templates  that  contain  (A)  the  S.  aureus 
primase  recognition  trinucleotides  CTA  or  TTA  or  (B)  the  E.  coli  primase  initiation 
sequence  CTC. 
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Legend 

10  =  SaP(Z+R)/EcP(C) 
13  =  EcP(Z+R)/SaP(C) 


—  SaP  +CTA 

—  10-P1b  +CTA 
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- EcP  +TTA 
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Legend 

10  =  SaP(Z+R)/EcP(C) 
13  =  EcP(Z+R)/SaP(C) 


Figure  2.  Primer  synthesis  on  the  CTA  and  CTC  templates  by  the  chimeric 
protein  containing  the  ZBD  of  S.  aureus  primase  and  the  RPD  and  CTD  of  E.  coli 
primase. 


Figure  3.  Residues  in  the  ZBD  of  DnaG  that  contribute  to  template  recognition. 
(A)  Multiple  sequence  alignment  of  bacterial  primase  ZBD  from  selected 
Firmicutes,  Gamma-proteobacteria,  and  Aquificae.  (B)  Primer  synthesis  on  the 
various  trinucleotide  templates  by  modified  DnaG  proteins  with  single  and  double 
mutations  in  the  ZBD. 

A 

B 


Figure  4.  Primer  synthesis  by  S.  aureus  and  E.  coli  primases  without  their 
cognate  CTD  either  in  the  absence  or  presence  of  their  respective  helicase. 


- 1.6uM  4-P1 

- 1.6uM4-P1  +3.2uM  EcH-21-P4c2 

- 3.2uM  4-P1 

- 1.6uM  EcP 

- 1.6uM  EcP+3.2uM  EcH-21-P4c2 

- T.S.  12+14+16mer  RNA  Std 


Legend: 

4  =  EcP(Z+R) 
2  =  SaP  (Z+R) 


Figure  5.  Helicase  stimulation  of  the  CTD  and  ZBD  swapped  chimeric  primases. 
(A)  S.  aureus  helicase  stimulation  of  the  chimeric  primase  containing  the  E.  coli 
primase  ZBD  and  RPD  and  the  S.  aureus  primase  CTD.  (B)  E.  coli  helicase 
stimulation  of  the  chimeric  primase  containing  the  S.  aureus  primase  ZBD  and 
RPD  and  the  E.  coli  primase  CTD  and  the  chimeric  primase  containing  the  S. 
aureus  primase  ZBD  and  the  E.  coli  primase  RPD  and  CTD. 
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- 1.6uMSaP-20-P3b 

- 1.6uM  SaP-20-P3b  +3.2uM  SaH-P7 

- 1.6uM7-P5b 

- 1 .6uM  7-P5b  +3.2uM  SaH-P7 

- 1.6uM13-P1b 

- 1.6uM  13-P1b  +3.2uMSaH-P7 


Legend 

Clone13  =  EcP(Z+RVSaP(C)  -/+ 
SaH 

Clone  7  =  EcP(Z)/SaP(R+C)  -/+ 
SaH 


B 


Figure  6.  In  vivo  rescue  of  E.  coli  dnaG  mutant  with  wild-type  E.  coli  DnaG  and 
chimeric  primases  that  contain  the  CTD  from  E.  coli  DnaG. 


Legend: 

Wild-type  EcP  w/  &  w/o  N-terminal  His6  tag  (+  control):  Expect  high  growth  at  nonpermissive 
temperature 

Clone  13  =  EcP(Z+R)/SaP(C)  (-  control):  Expect  no  growth  at  nonpermissive  temperature 
Clone  10  =  SaP(Z+RVEcP(C):  Expect  slight  growth  at  nonpermissive  temperature 
Clone  5  =  SaP(Z)/EcP(R+C):  Expect  very  slight  growth  at  nonpermissive  temperature 


II.)  Species  specificity  of  primase-helicase  interactions. 

Figure  7.  Cross-stimulation  of  Firmicute  and  Gamma-proteobacterial  primases 
and  helicases.  (A)  S.  aureus  helicase  stimulation  of  primases  from  B.  anthracis 
and  G.  stearothermophUus  and  vice  versa.  (B)  E.  coli  helicase  stimulation  of 
primases  from  Y.  pestis  and  P.  aeruginosa  and  vice  versa. 


A 


G.  stearothermophUus  helicase  inhibited  S.  aureus  primase  activity 
possibly  due  to  inherent  differences  between  mesophilic  versus  thermophilic 
replication  enzymes  (Figure  7A). 


B 


E.  coli  helicase  stimulated  Y.  pestis  primase  and  Y.  pestis  helicase 
stimulated  E.  coli  primase.  However,  the  helicases  from  E.  coli  and  Y.  pestis  did 
not  stimulate  P.  aeruginosa  primase,  nor  did  P.  aeruginosa  helicase  stimulate  the 
primases  from  E.  coli  and  Y.  pestis  (Figure  7B).  Collectively,  these  results 
demonstrated  that  the  replicative  helicase  must  be  from  closely  related  bacteria 
in  order  to  functionally  interact  with  DnaG  and  stimulate  primer  synthesis. 


IV.)  structural  differences  in  Firmicute  and  Gamma-proteobacterial  DnaG 
CTDs. 

Figure  8.  Model  of  primase-helicase  complex  at  DNA  replication  fork. 


DISCUSSION 


Data  obtained  to  date  by  our  studies  strongly  suggest  that  primases  from 
both  Firmicutes  and  Gamma-proteobacteria  preferentially  initiate  de  novo  primer 
synthesis  on  a  CTN  trinucleotide  in  the  template  and  subsequently  produce  a 
primer  that  begins  with  5’-AG-3’,  differing  from  Aquifex  aeolicus  initial 
ribonucleotides  5’-CG-3’.  We  propose  that  the  primases  from  Gram-positive 
Firmicutes  initiated  primer  synthesis  on  the  trinucleotide  CTA  and  probably 
evolved  to  use  trinucleotide  TTA  due  to  their  AT-rich  genome,  supporting  a 
relationship  between  primer  synthesis  initiation  and  genome  content.  Gram¬ 
negative  bacterial  primases  that  presumably  evolved  from  Gram-positive 
Firmicutes  evolved  to  preferentially  initiate  primer  synthesis  on  DNA  templates 
that  contain  CT(G/C)  since  their  genomes  contain  a  relatively  higher  G+C 
content.  In  contrast,  A.  aeolicus  most  likely  evolved  from  Firmicutes  and  adapted 
to  an  environment  with  high  temperatures  by  using  initiation  trinucleotides  that 
are  comprised  of  all  guanines  and  cytosines  (CGC>CCG),  enhancing  the  stability 
of  the  DNA-RNA  complex  during  the  rate  limiting  primer  synthesis  step  of 
dinucleotide  formation. 
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Primase  Screening  Strategy 
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Primary  compound  library  screen 

40,000  compounds  (Timtec)  -  Selected  to  meet  LIpinski  rules 
In  vitro:  Staphylococcus  aureus  viability  assay:  850  selected 


Secondary  Screening  Assay 
High  Throughput  Screen 

Fluorometric  Screening 
1®*  Primase  Activity  Assay 


Cell  toxicity  screen 
Yeast  cell  assay 
selected  800 


Statistical  analysis  and  prioritization 
See  attachment  6  for  details 
Selected  12 


Confirmatory  Primase  assay 
dHPLC  Wave  analysis 
eliminate  false  positives 


Involve  Pharmaceutical  Industry 


Review  Compound  Classes  - ► 


Create  combinatorial 
libraries  of  selected  inhibitory 
compounds 


Cell  Based  Assays  Animal  Infection  Models 

Macromolecular  Synthesis  {transcriptome  ^  Bioavailability 
profiling)  Toxicity 

Efficacy/Potency 
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Bacterial  primases  are  essential  for  DNA  replication  due  to  tiieir  rote  in  polymerizing  the  furmatiun  of  short 
KNA  primers  repeatedly  on  the  lagging-strand  template  and  at  least  unce  on  the  lea  ding- strand  template.  The 
ability  of  recombinant  Sraphyt&cocetts  aureus  DnaG  primase  to  titilizc  different  single-stranded  DNA  templates 
was  tested  nsing  oligonucleotides  of  the  sequence  5"-CAGA  (CA),  XYZ  (CA>3-3%  where  XYZ  represented  the 
variable  trinucleotide.  These  experiments  demonstrated  that  S.  aureus  primase  synthesized  RNA  primers 
prcduminatcly  on  templates  containing  5'-d(CTA)-3'  or  TTA  and  to  a  much  lesser  degree  on  CTA-containing 
templates,  in  contrast  to  results  seen  with  the  Escherichia  colt  DnaG  primase  recognition  sequence  5'-d(CTG)- 
3^  Primer  synthesis  was  initiated  complementarily  to  the  middle  nucleotide  of  the  recognition  sequence,  while 
the  third  nucleotide,  an  adenosine,  was  required  to  support  primer  synthesis  but  was  not  copied  into  the  RNA 
primer.  The  replicative  helicases  from  both  S.  aureus  and  E.  coli  were  tested  for  their  ability  to  stimulate  either 
S.  aureus  or  E.  coli  primase.  Results  showed  that  each  bacterial  helicase  could  only  stimulate  the  cognate 
bacterial  primase.  In  addition,  5.  aureus  helicase  stimulated  the  production  of  full* Length  primers,  whereas  E. 
coli  helicase  increased  the  synthesis  of  only  short  RNA  polymers.  These  studies  identified  important  differences 
between  E,  coli  and  S.  aureus  related  to  DNA  replication  and  suggest  that  each  bacterial  primase  and  helicase 
may  have  adapted  unique  properties  optimized  for  replication. 


Bacterial  genomes  contain  multiple  RNA  polymerase  en¬ 
zymes,  of  which  dnaG  encodes  the  sole  primase  involved  in 
replication.  As  shown  by  temperature -dependent  mutation 
studte.s,  DnaG  primase  is  essential  for  DNA  replication  and 
bacterial  survival,  leading  to  its  identification  as  a  possible 
target  for  antibiotic  development  (9,  14).  However,  little  is 
known  about  the  differences  In  primase  .structure  and  function 
among  eu bacteria,  since  only  the  primuses  from  Escherichia 
coli  and  Gephaciilus  (formerly  Baciilus)  stearoihermophilus 
have  been  studied  in  detail  (22,  23). 

The  RNA  polymer  synthesized  by  primase  is  essential  for 
providing  a  free  3'  hydroxyl  group  from  which  DNA  polymer¬ 
ase  can  elongate,  DNA  polymerase  cannot  synthesize  a  nucle¬ 
otide  polymer  dc  novo.  Primase  functions  at  least  once  during 
leading-strand  synthesis  and  multiple  limes  during  lagging- 
strand  synthesis,  where  the  RNA  primers  are  extended  by 
DNA  pr)lymerase  to  form  Okazaki  fragments  that  arc  pro- 
cciised  and  ligated  together  into  progeny  genomes. 

Replicative  prtmases  from  viruses  and  phages  have  been 
shown  to  require  a  specific  recognition  sequence  in  order  to 
synthesize  an  RNA  polymer  de  novo.  However,  several  studies 
suggested  that  the  preferred  primase  binding  sequences  may 
differ  among  different  bacteria  genera  {2,  6).  Bacterial  primuses 


“  f:ijr responding  iiuthor.  Mailing  addrci^:  Department  of  Chemis¬ 
try.  University  of  Nebraska — Lincoln,  Hamilton  Hall  614,  Lincoln,  NE 
6S5KS-U3(]4.  Photic;  (402)  472-3429.  Fax;  (402)  472-9402.  E-mail: 
mgriep  I  nn  l.edu . 

t  Supple  men  la  I  nralerial  for  this  article  may  be  found  at  littp://jb 
.asm.oT^- 


show  approximately  39%  sequence  homology  over  the  three 
major  domains:  the  zlnc-blnding  domain,  the  RNA  polymerase 
domain,  and  the  carboxy-lerminal  domain.  The  sequencing  of 
many  different  bacteria  ha.s  allowed  comparison  of  primase 
regions,  and  although  the  proposed  DNA-binding  domain  is 
conserved  overall,  a  number  of  residues  potentiatly  involved  in 
molecular  interactions  are  variable  among  different  species. 
We  noted  that  certain  residues  are  divergent  within  the  zinc¬ 
binding  domain  that  may  interact  with  single-stranded  DNA 
(ssDNA),  as  suggested  by  X-ray  crystallography  (16).  There¬ 
fore,  we  hypothesized  that  these  amino  acid  differences  might 
affect  primase  initiation  specificity. 

The  domain  of  primase  with  greatest  variability  in  amino 
acid  composition  and  the  lowest  homology  among  species  is 
the  earboxy-tcrminal  domain  (7).  Biochemica]  and  structural 
studies  have  demonstrated  that  the  carboxy-terminal  domain 
of  E.  coli  DnaG  is  an  important  mediator  of  the  primase- 
hel lease  Interaction  (15).  £1  coli  DnaB  helicase  has  been  .shown 
to  modulate  DnaG  primase  by  stimulating  the  kinetics  of 
primer  synthesis,  shortening  the  length  of  the  primers,  and 
releasing  the  initiation  specificity  of  primase  such  that  almost 
any  ssDNA  supports  primer  synthesis  (2,  11). 

The  potential  for  a  correlation  between  primase  DNA  bind¬ 
ing  specificity  and  genome  content  was  first  suggested  by  Blat- 
tner  et  al.,  who  demonstrated  that  the  most  overrepresented 
S-bp  sequences  in  the  E.  coii  genome  contain  the  trinucleotide 
binding  site  for  DnaG  primase  and  are  preferentially  located 
on  the  strand  of  DNA  that  serves  as  the  lagging-strand  tem¬ 
plate  (3).  Bioin formatic  ar^a lysis  has  since  demonstrated  the 
presence  of  overrepresented  sequences  that  are  biased  toward 
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one  of  [he  replica  ling  strands,  termed  skewed  oligomers,  in 
every  eubacterial  genome  analyzed  (19).  The  conservation  of 
the  skewed  oligomers  throughout  many  unrelated  genomes 
suggests  that  they  eonlribule  to  the  overall  fitness  of  eubacte- 
ria.  However,  it  is  unknown  whether  the  overrepresented  se¬ 
quences  correlate  with  the  DNA  binding  site  for  DnaG  primase  in 
other  eu bacteria. 

Given  its  substantial  increase  in  antibiotic  resistance,  S. 
aureus  is  of  significant  biological  and  medical  importance.  In 
contrast  with  the  gram-negative  bacterium  E.  coli,  whose  ge¬ 
nome  has  a  GC  content  of  50.8%,  the  gram-positive  bacterium 

aureus  has  an  AT-rich  genome  with  only  32.8%  GC  content. 
Therefore,  5.  aureus  was  chosen  for  this  investigation  to  deter¬ 
mine  whether  primase  binding  specificity  and  activity  are  re¬ 
stricted  at  the  genus  level  as  well  as  to  assess  whether  a 
correlation  exists  with  genome  content.  We  have  cloned,  ex¬ 
pressed,  and  purified  both  S.  aiu-eus  DnaG  primase  and  DnaC 
helicase  for  biochemical  analyses.  The  ability  of  5.  aureus  primase 
to  utilize  different  ssDNA  templates  was  examined  using  de¬ 
naturing  high-pressure  liquid  chromatography  (HPLC)  to  an¬ 
alyze  primer  composition  and  quantity.  Here  we  report  that  5. 
aureus  DnaG  primase  utilizes  three  initiation  sequences  that 
arc  distinct  from  that  of  coil,  the  best-characterized  bacterial 
primase,  but  similar  to  that  of  another  gram-positive  bacteria, 
G.  stearothermophilus  (23).  5.  aureus  DnaC  helicase  was  found 
to  stimulate  a  substantial  increase  in  S.  aureus  DnaG  primase 
activity  that  resulted  in  the  synthesis  of  RNA  primers  that  were 
predominately  full  length.  In  addition,  experiments  were  per¬ 
formed  assessing  the  ability  of  replicative  helicases  from  both 
S.  aureus  and  E.  coli  to  stimulate  either  aureus  or  E.  coli 
primase.  These  studies  demonstrated  that  the  helicase  of  one 
bacterial  species  could  not  stimulate  the  primase  of  the  other 
bacterial  species. 

MATERIALS  ANI>  METHODS 

Gen^riitiaii  wf  the  ssDNA  templates.  Deaxy ribonucleotides  of  the  sequence 
5 -CAG  A  (CA)5X  YZ(C:AV3  .  where  X  YZ  wus  AAA,  AAG,  AAT,  AT  A,  ATC 
ATT,  CAG,  CAT,  CG  A,  CTA,  CTC.  CTG.  CTT,  G  A  A.  GTA.  TAA.  TAG,  TAT. 
4’[’A,  riG,  ITG,  or  ITT,  were  generated  by  the  University  of  Nebraska  Core 
Facility  or  Intcgmled  DNA  rechnologics  {Coraivillc.  lA).  The  aligonuelcutidcs 
coiUitii^ed  a  3"  spacer  that  is  required  to  prevent  primase  From  elongating 
from  a  stabilized  3'  hairpin  (2,  12)  Purification  of  the  ssDNA  templates  was 
performed  using  urea-polyacrylamide  gel  electrophoresis,  UV  shadowing,  and 
elution  of  the  oligonucleotide  into  Tris-EDTA  buffer.  Quantitation  was  per- 
formetl  using  spectrophotometry  ai  26(1  nm  with  the  respective  extinction  coef- 
hcienls. 

Const ruelion  of  plasmid  for  the  expression  of  recombinunt  5.  aureui  linnG. 
The  t>pen  reading  frame  of  dnaC  from  5.  aureiis  sp.  strain  N315  was  amplified  by 
PCR  using  primers  dnaG-For  (S'-CATGC^TGCjGGAGATrTAATTTGCG 
AATATGATC-3  )  and  dnaG-Rcv  f5'  -GGAA^CAAATCACATGCTACATG 
CG7TC'3')-  The  primers  contained  NcoT  and  EcoRI  restriction  enzyme  cloning 
sites  in  their  5'  and  3'  regions,  respectively  (underlined).  The  gene  was  cloned 
downstream  of  the  kc  pmnioter  and  glutathione  5-iransferase  (GST) -tag  coding 
sequence  in  vector  pET41a-i-  (Novagen,  Madison,  WI)  and  transformed  intoi? 
co/i  Bl.2l(DE3)  (Novagen,  Madison,  Wt).  The  cloned  insert  was  sequenced  In 
lK>ih  direeti<ins  by  the  University  of  Nebraska  Medical  Center  Eppley  Molecular 
Biology^  Core  Facility  to  verify  content. 

Construction  of  plasmid  for  the  expression  of  recombinant  S.  aureus  DnaC. 
The  coding  sequence  for  drniC  from  S.  aureus  sp,  strain  N315  was  amplified  by 
PCR  using  primers  dnaC-For  (5 A  AG  AGGTGTAA  CCATCC  ATGG  ATAG  - 
3  )  and  dnaC-I^cv  (5  *  I’GCAAATAAAACTCGAGCATTGATITTC-B  ).  The 
primers  contained  NcoJ  and  Xhoi  restriction  enzyme  cloning  sites  In  their  5'  and 
3'  regions,  respectively  (underlined).  The  gene  was  cloned  downstream  of  the  kc 
promoter  in  vector  pETJ^b-f  (Novagen,  Madison,  Wl)  and  transformed  intoE 
eoli  BL2l(nB3)  (Novagen.  Madison,  WI).  The  cloned  insert  was  sequenced  In 


both  directions  by  the  University  of  Nebraska  Medical  Center  Eppley  Molecular 
Biology  Core  Facility  to  verify  content. 

Expression  and  purification  of  iS.  aureus  and  E,  celt  DnaG  primuses.  Koi 
the  production  of  recombinant  S.  aurem  DnaG,  E.  coli  BL21(DE3) 
(pET4la+“£^u«G)  was  grown  in  4  liters  of  2XYT  medium  containing  50  pg  of 
kanamycin  per  ml  at  30”^  with  shaking  at  200  rpm.  When  the  eullure  reached 
an  optical  density  at  bOO  nm  of  1,0,  0.5  mM  I  PTC  (isopropyl'fJ-o-thiogabcto- 
pyranoside)  was  added,  and  the  induced  cells  were  grown  for  2  h.  Cultures  were 
centrifuged  at  5,00(1  X  ^  for  1 5  min  at  4''C,  and  the  cell  pellets  ( 1 5.5  g  wet  weight) 
were  resuspended  in  46.5  ml  of  lysis  buffer  containing  50  mM  Tris,  5  mM  EDTA, 
U.4  mM  phenylmethylsulfony]  (luoride,  0.5%  Triton  X  (pH  K,0),  and  15  mg  of 
lysozyme.  Cells  were  broken  by  four  frecze^thaw  cycles  followed  Ivy  homogeni¬ 
zation  on  ice.  Soluble  cell  extracts  were  obtained  by  centrifugation  at  12,(XX)  x 
^  for  30  min  at  4“C.  and  Lysates  were  applied  to  a  5- ml  bed  volume  of  glutathione 
Sepharose  column  (Novagen,  Madison,  WI).  The  column  was  washed  three 
rimes  with  15  m!  of  SO  mM  Tris  (pH  8.0),  and  the  enzyme  was  eluted  from  the 
column  with  15  ml  of  50  mM  Tris  containing  ,5  mM  reduced  glutathione  (pILij.O). 
The  enzyme  was  then  loaded  onto  a  5  ml  MouoQ  anion  exchange  eolumn 
(Bio-Rad,  Hercules,  CA).  A  0  to  J  M  NaCI  gradient  was  used  to  elute  the 
enzyme,  and  the  fractions  containing  primase  were  conccntraied  using  a 
Vivaspin  15R  concentrator  (Vivasclence,  Hannover,  Germany).  E.  coli  DnaG 
was  isolated  a.s  previously  described  (8)  from  a  primase-overprodueing  strain 
kindly  supplied  by  Roger  McMacken  (John  Hopkins  Universi(y),  Enzyme  puriiy 
and  subunit  molecular  mass  were  estimated  by  sodium  dodecyl  sulfate-poly- 
aerylamide  gel  electrophoresis.  The  concentrations  of  S.  aureus  and  j^.  coil 
primase  were  determined  using  monomer  extinction  coefficients  of  R7,S4CI  M”^ 
cm"^  and  47,800  M"'  cm”',  respectively,  at  2S0  nm. 

Expression  and  purificatian  of  S.  aureus  and  £.  coli  inepJteattve  heticases.  For 
the  production  of  recombinant  S.  aureus  DnaC  helicase,  E.  coli  BL21(DE3) 
(pET19b4-::d/idCJ  was  grown  at  30*C  with  shaking  al  250  rpm  in  2  liters  of  LB 
medium  containing  50  ^g  of  ampleillin,  20  p.g  thiamine,  and  5  mg  glucose  per  ml. 
When  the  culture  reached  an  optical  density  at  600  nm  of  0.8,  0.4  mM  iPTG 
(isopropyl-p-o-thiogalactopyranoside)  was  added  and  the  induced  cells  were 
grown  for  2  h.  Cultures  were  centrifuged  at  5,000  X  g  for  15  min  at  4^.  and  the 
cell  pellets  (16.2  g  wet  weight)  were  resuspended  in  48.6  ml  of  lysis  buffer 
containing  50  mM  Tris,  5  mM  EDTA,  0.4  mM  phenylmethylsulfony]  fluoride, 
0.5%  Triton  X,  250  mM  NaCI  (pH  S.O),  ond  16  mg  lysozyme.  Cells  were  broken 
liy  three  cycles  of  sonication,  and  the  insoluble  fraction  was  collected  by  centrif¬ 
ugation  at  12,000  X  g  for  30  min  at  4*C.  The  DnaC  was  made  soluble  by 
incubating  the  pellet  with  5  ml  of  50  mM  Tri&-2  mM  MgCl2'3  mM  ATP  (pH  8.0) 
for  20  min  on  fee.  The  suspension  was  cleared  by  centrifugation  ai  12,(K]0  X  g  for 
30  min  at  4^C.  2'he  protein  solution  was  then  loaded  onto  a  5  ml  MonoQ  anion 
exchange  column  (Bio- Rad,  Hercules,  CA),  and  a  0  to  1  M  NaCI  gradient  was 
used  to  elute  the  enzyme.  Fractions  containing  hehcase  were  concentrated  using 
a  Viva.spin  15R  concentrator  (Vlvaseienee,  Hannover,  Germany).  E  coli  DnaB 
helicase  was  isolated  using  a  procedure  similar  to  that  described  for  E.  coli  DnaG 
primase  (1 1);  pRLM1038,  the  E.  coli  helicase  expression  plasmid,  was  generously 
provided  by  Roger  McMacken.  Enzyme  purity  and  subunit  molecular  mass  were 
estimated  by  sodium  dodecyl  sulfate -polyacrylamide  ge!  electrophoresis.  The 
concentration  of  A",  aum/j  helicase  was  determined  using  the  method  of  Bradford 
(4),  and  the  E.  coli  helicase  concentration  was  determined  using  the  hexamer 
extinction  coefficient  of  185,000  M  ^  cm'^'  at  280  nm. 

RNA  primer  synthesis.  Reactions  were  carried  out  using  previously  optimized 
conditions.  Briefiy,  the  reaction  mixtures  were  incubated  at  30^0  in  nuclease-free 
buffer  (50  mM  HEPES  (pH  7.5],  5  mM  potassium  glutamate,  10  mM  di thiol hrcilol) 
containing  10  mM  magnesium  acetate,  a  2(XI  or  400  ^jlM  concentration  of  each 
ribonucleotide,  and  the  Indicated  amount  of  ssDNA  template  and  prima.se  cither 
without  or  with  helicase  (800  nM).  RNA  primer  ^thesis  was  quenched  by  desalting 
the  reaction  in  a  Sephadex  G-25  spin  column. 

RNA  primer  analysts.  The  primase  reaction  products  were  subjected  to  ther¬ 
mally  denaturing  HFLC,  as  previously  describeti  (12)  Briefly,  the  reaction  prtxl- 
ucls  were  analyzed  using  an  HPLC  column  that  separated  the  nucleic  acids  by 
size  and  hydrophobietty.  Nucleic  acids  were  detected  and  quantitated  spectro- 
phtJtometrically  at  260  nm.  Control  single-stranded  oligori bon ucleot ides  and 
dcoxyribo nucleotides  were  used  to  correlate  retention  time  on  the  column  with 
the  sequence  of  the  nucleic  acid  species.  All  experiments  were  performed  in 
triplicate. 

Bioinformatic  analysts  of  the  S.  aureus  and  cvli  genomes.  The  fuM-length 
nucleotide  sequences  of  S.  aureus  N3J5  (NC002745)  and  E.  coli  K-12 
(NCOOCI913)  were  obtained  from  the  GenBank  database.  The  algorithm  for 
identification  and  quantitation  of  skewed  oetamers  was  applied  as  described 
previously  (19).  The  output  included  the  10  most  overrepresented  and  skewed 
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along  wilh  their  iTcqucneies  nnd  pereenttigvs  of  itkew  toward  Ihe  strand 
of  DNA  that  serves  as  I  he  lagginig-sirund  template. 


A  B 


RESULTS 

The  (irfit  goal  of  this  study  was  to  determine  S.  aurvus  primiise 
iniiiation  specificity  and  whether  it  correlated  with  the  S.  aureiw 
genome  signature.  The  second  goal  of  this  study  was  to  deter¬ 
mine  whether  one  bacterial  replication  fork  hcl tease  was  capa¬ 
ble  of  stimulating  another  bacteria ‘s  primase  activity. 

Expression  of  5,  aureus  DnaG  primase  and  DnaC  helicase. 
The  putative  S.  aureus  priniasc  dnaG  gene  was  iden tilled 
within  the  genome  of  N315  (NCfJ02745)  and  was  cloned  using 
standard  PCR  methods.  All  attempts  to  overexpress  DnaG  in 
E.  coli  using  a  variety  of  conditions  resulted  in  an  insoluble 
product.  Therefore,  since  GST  fusion  proteins  have  been  re¬ 
ported  to  improve  recombinant  protein  solubility  and  have 
been  used  successfully  in  studies  of  other  DNA-binding  pro¬ 
teins  (10),  dnuG  was  cloned  and  expressed  as  a  GST  fusion 
protein.  The  N-terminal  GST  tag  on  aureus  primase  allowed 
for  purification  using  ulTinity  chromatography  followed  by  ion- 
exchange  chromaUigraphy.  The  replicative  helicasc  d/ioC  gene 
from  S.  aureus  sp.  strain  N315  was  also  amplified  and  cloned 
using  standard  procedures.  Exprcs.sion  of  S.  aureus  DnaC  in  E. 
coli  resulted  in  an  insoluble  product  that  was  then  solubilized 
with  magnesium  ion  and  ATP  and  purilicd  using  ion -exchange 
chromatography.  Enzyme  purity  and  subunit  molecular  mass 
for  both  S.  aureus  DnaG  and  DnaC  were  estimated  by  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis.  The  molec¬ 
ular  masses  for  the  GST-tagged  DnaG  and  unlagged  DnaC 
were  H)2  kDa  and  53  kDa,  respectively  (Fig.  1).  Both  of  these 
values  correspond  to  the  predicted  molecular  masses.  After 
isolation,  both  proteins  were  more  tlian  98%  pure.  The  hnai 
yield  was  2  mg  of  5.  aureus  primase  and  1 1)  mg  of  S,  aureus 
helicase  per  liter  of  culture. 

Proteolytic  cleavage  of  the  GST  tag  from  primase,  as  well  as 
expression  of  an  imtagged  protein,  re.sulied  in  an  insoluble 
protein  under  a  wide  variety  of  conditions.  Therefore,  the 
prima.se  fusion  protein  was  tested  for  in  vitro  activity  using  a 
previously  developed  RNA  primer  synthesis  assay  in  conjunc¬ 
tion  with  an  HPLC  detection  method  (12).  The  assay  was 
developed  to  determine  the  quantity  and  length  of  all  RNA 
primers.  The  ability  of  the  purilied  enzyme  to  generate  primers 
dc  novo  was  determined  using  a  23-nicr  synthetic  ssDNA  teni- 
plate  in  a  reaction  mixture  containing  ribonucleosidc  triphos¬ 
phates  (I'NTPs)  and  magnesium  ion.  For  uniformity  of  analysis, 
the  ssDNA  template  backbone  used  in  previous  studies  with  E. 
coli  primase  was  utilized, 

Hioinformatic  analysis  of  overrepresented  octamers  in  S, 
aureus.  Computational  analysis  of  the  complete  DNA  se¬ 
quences  aureus  N315  and  E.  coli  K12  was  performed  using 
a  previously  delined  algorithm  that  tabulated  the  nonrandom 
overrepresentation  of  sequences  eight  nucleotides  in  length 
(tKiamers)  (19),  The  most  abundant  octamers  and  their  skew 
toward  the  lagging-strand  DNA  template  were  calculated.  The 
nine  mtjst  frequently  occurring  octamers  in  S.  aureus  contained 
the  trinucleotide  TTA  (Table  lA),  whereas  in  E,  coli  eight  of 
the  skewed  octamers  contained  the  trinucleotide  CTG  (Table 
Mi).  None  of  the  overrepresented  5.  aureus  octamers  con¬ 
tained  any  known  chi  sequences.  In  contrast,  the  E.  coli 


82 

64 


48 


FIG.  t.  Purity  unatysts  of  recombinant  S.  aureas  DnaG  primase  aiul 
DnaC  helicase.  Sodium  dodccyt  sulfate- tU%  polyacrylamide  gel  elec¬ 
trophoresis  analysis  of  5  g.g  of  purified  primase  (A)  or  helicase  (0). 
The  locations  of  the  molecular  mass  markers  (in  kilodaltons)  arc 
indicated  next  to  the  respective  gel  photograph. 


octamers  were  found  to  be  permutations  of  the  chi  oc tamer 
(GCTGGTGG),  as  previously  described  (3). 

Trinucleotide  initiation  specificity  of  S.  anreux  primase.  To 
investigate  a  possible  relationship  between  genome  content 
and  the  preferred  prima.se  recogntiion  sequence,  the  ssDNA 
templates  listed  in  Table  2  were  synthesized.  These  templates 
contained  the  previously  delined  minimal  structural  elements 
necessary  to  support  primer  synthesis  by  E.  coli  primase  and 
provided  for  testing  of  ali  the  possible  trinucleotide  motifs 
contained  within  the  overrepresented  octamers  li.sicd  in  Table 
I  (22).  In  addition,  since  leucine  ts  the  most  abundant  amino 
acid  found  in  proteins  expressed  by  both  £.  coli  and  S.  aureus^ 
all  trinucleotides  that  encode  for  leucine  were  assessed.  Sev¬ 
eral  trinucleotides  present  in  the  proposed  OriC  of  5'.  aureus 
(13)  as  well  as  remaining  trinucleotides  that  complete  the  NTA 
series  were  Mso  examined  in  the  S.  aureus  primase  activity 
assays. 

Primase,  magnesium  ion,  and  rNTPs  were  incubated  with 
the  various  templates,  and  the  reactions  were  analyzed  by 
HPLC  to  determine  whether  any  of  the  ssDNA  templates 
shown  in  Table  2  .supported  RNA  primer  synthesis.  E.  coli 
primase  was  used  in  control  reactions  with  an  oligonucleotide 
template  containing  the  initiation  trinucleotide  CTG  (2).  Un¬ 
like  the  findings  for  E.  coli,  S.  aureus  primase  was  capable  of 
producing  specific  and  appropriately  sized  RNA  primers  from 
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TABLE  L  Computational  analysis  of  overrepresented  and  skewed  octamers  found  in  (he  genomes  of 
S.  mireux  strain  N3J5  and  E.  coli  strain  K-12” 


Rank 

5.  aureus 

Mrain  N3I.S  resuU 

E. 

cffli  siriuii  K-12  result 

Octamer 

No.  of 
occurrences 

%  Skew 

Ociamcr 

No.  of 

occurrcficcs; 

%  Skew 

1 

tTTAaaat 

1.494 

59.2 

tgCTGgcg 

1,511 

58.4 

2 

tTTAtttb 

1,486 

59.8 

ggcgCTGg 

1,388 

60,3 

3 

tTTAattt 

1319 

61.8 

tgCTGgcg 

1317 

56.5 

4 

TTAattbt 

1,315 

57,7 

gCTGgcgg 

1,275 

57.7 

5 

tttTTAtt 

1,283 

57.2 

gCTGgcgc 

1,180 

56.5 

6 

ttTTAttt 

1,268 

58,3 

gcgCTGgc 

1,179 

58.9 

7 

tttTTAat 

1,233 

57.9 

tggcgCTG 

1,176 

58.6 

8 

ttTTAatt 

1,225 

58,9 

TGcgccag 

1,020 

56.8 

9 

TTAatttt 

1,223 

56,6 

Gccgccag 

1,019 

58.3 

to 

atatttTT 

1,221 

60.2 

gCTGgtgg 

1,008 

75.7 

"  The  in  imtKl  frequently  occurring  skewed  iKdamers  are  listed  in  the  order  of  frequency  of  occurrence  as  calculated  using  a  previously  described  algorithm,  '[’he  total 
eount  lor  each  oclanicr  and  the  skew  percentage  for  each  ix:tamcr  are  listed.  The  octamers  are  aligned  according  to  the  TTA  motif  in  S.  tiinviLS:  and  the  CTG  motif 
in  coil. 


templates  containing  either  the  trinucleotide  CTA  or  TTA 
(Table  2  and  Fig.  2).  Templates  containing  the  trinucleotide 
GTA  produced  only  a  small  amount  of  RNA  primer  product 
(Table  2  and  Fig.  2),  The  area  of  the  RNA  polymer  peaks  was 
calculated  to  determine  the  relative  amounts  of  primers  syn¬ 
thesized.  The  template  containing  CTA  resulted  in  the  largest 
amount  of  primer  product  (13LJ  mV-min),  with  the  template 
containing  TTA  being  the  next  best  trinucleotide  sequence  to 
result  in  a  high  quantity  of  RNA  polymers  (57.3  mV^min).  The 
GTA-containing  template  resulted  in  the  least  amount  of 
primer  production  by  S  aureus  DnaG  (16.3  mV  min).  None 
of  the  other  templates  tested  produced  a  detectable  amount  of 
primer  product  (Table  2). 

The  major  RNA  polymers  synthesized  by  S,  aureus  primase 
eluted  at  8,05  min  and  8.48  min  with  ssDNA  templates  con¬ 
taining  CTA  and  TTA,  respectively  (Fig.  2).  The  elution  time 
for  these  two  RNA  primers,  both  16  nucleotides  in  length  but 
differing  in  composition  by  a  single  nucleotide,  corresponded 
to  the  expected  elution  time  based  on  our  previous  studies, 
which  were  determined  using  control  oligomers  with  various 
hydrophobicily  ( 1 2),  Less-abundant  and  shorter  RNA  primers 


[  ABLE  2.  ssDNA  oligonucleotides  (templates)  showing  their  ability 
lo  support  DNA-dc pendent  RNA  synthesis  activity  by 
recombinant  S.  mfreas  primase" 


Template 

Primer  synthesis 

Template 

Primer  synthesis 

AAA 

CTG 

- 

AAG 

- 

err 

- 

AAT 

- 

GAA 

- 

ATA 

- 

GTA 

+ 

AT’C 

- 

TAA 

- 

ATT 

- 

TAG 

- 

GAG 

- 

TAT 

- 

CAT’ 

- 

TTA 

-I-  + 

CGA 

- 

TTC 

- 

CIA 

+ 

TTG 

- 

CTG 

-- 

TTT 

"  Templates  of  the  format  5'-CAGA(CA)s  XYZ  tCA)i-3',  where  X YZ  is  the 
tririiideolide  listed  in  the  table  were  tested  for  their  ability  (  +  +  -!-.  -I-  +  ,  or  +)  or 
inability  (“)  to  support  RNA  primer  synthesis.  I’he  reuetiuns  were  performed 
using  2(10  nM  tempkne,  2  piM  primase,  and  2110  rNTP.s  during  a  1  h 
iiKubutic^ii  at 


were  also  generated  that  eluted  at  7,72,  7.44,  7,27,  6.89,  6,05, 
and  5,90  min  ^vith  the  CTA  template  and  8.17,  7.90,  7.75,  and 
7.43  min  with  the  TTA  template,  corresponding  to  a  series  of 
smaller  products  that  progressively  differed  by  one  fewer  nu¬ 
cleotide. 

Additional  templates  attaining  mutations  of  the  second  or 
third  base  within  the  CTA  or  TTA  trinucleotide  were  gener¬ 
ated  and  tested  in  the  primase  activity  assay.  Use  of  these 
templates  resulted  in  undetectable  levels  of  p tinier  products 
(Table  2).  These  data  showed  that  both  the  second  and  third 
nucleotides  in  the  recognition  sequence  were  essential  for  5. 
aureus  primer  initiation.  As  an  important  control  for  these 
studies,  S.  aureus  primase  activity  exhibited  no  activity  in  a 


FIG.  2.  Representative  chromatograms  of  primase  activity  on 
S.SDNA  templates.  Denaturing  HPLC  analysis  was  performed  on  the 
RNA  products  derived  from  S.  aureus  primase  activity  on  templates 
containing  the  trinucleotide  CTA  (A),  TTA  (B),  GTA  (C),  ATA  (D), 
or  CTG  (E).  The  reactions  were  performed  using  2  jxM  template,  2 
pM  primase,  and  400  rNTPs  during  a  1-h  incubation  at  30"C.  Abs, 
absorbance  at  260  nm. 
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read  ion  using  the  iciii  plate  containing  CTG>  the  Lrinudeotide 
initiation  sequence  for  E.  coll  primasc  (Fig*  2)*  Overall,  these 
experiments  demonstrated  that  the  observed  activity  of  S.  au- 
mt'!  primase  was  specific  and  not  due  to  a  contaminant  derived 
From  the  E.  iolr  strain  used  fur  recombinant  protein  express 
sion* 

Idontitication  of  the  initinl  nbonudeotide  in  the  primers 
syiithcsi/*ed  by  S.  aureus  DtiaO*  Previous  studies  showed  that 
RNA  primers  generated  by  E.  volt  primasc  arc  initiated 
complementadly  to  the  middle  T  in  the  CTG  template  (11)*  To 
identify  whether  the  F^.NA  primer  synthesized  by  the  S.  aureus 
DnaG  initiated  complementarily  to  ihe  middle  T  in  the  TFA 
embedded  within  the  ssDNA  template,  a  series  of  reactions 
were  performed  using  progressively  lower  amounts  of  rCTP. 
Since  the  template  eontained  only  one  guanosine  located  in  the 
aiitcpeiiuliimate  position*  primer  synthesis  initiating  comple- 
men  lari  ly  to  the  middle  T  of  the  trin  ucleotide  TTA  should 
generate  a  l6-mcr  RNA  primer  eluting  at  8.48  min,  as  illus- 
iraled  in  Fig*  3A.  However,  in  the  absence  of  rCTP,  primer 
synthesis  would  stall  before  the  antepenult imaie  position  and 
rcsLili  in  a  13-mer  RNA  primer  (Fig*  3 A)* 

In  the  absence  of  rCTP,  S,  aureus  primase  crcaicd  one  major 
primer  species  that  eluted  at  7.75  min*,  corresponding  with  a 
13-mer  RNA  species  (Fig.  *38)  (12).  As  rCTP  was  titrated  into 
the  reaction,  the  13-mer  peak  disappeared  and  a  new  8,48  min 
peak  consistent  with  a  1  burner  became  the  dominant  primer 
species,  A  similar  experiment  was  performed  using  S.  aureus 
prima*se  and  the  template  containing  the  trinucleotide  CTA* 
These  results  also  demonstrated  that  the  full-length  primer  was 
a  l6-mer  in  the  presence  of  rCTP  and  that,  in  the  absence  of 
rCTP,  a  13-mer  primer  product  was  the  major  RNA  polymer 
synthesized  (data  not  *shown).  In  the  absence  of  rATP,  no 
RNA  product  wa*s  observed  for  either  the  CTA-  or  TTA- 
coniaining  templates.  These  results  confirmed  that  the  RNA 
primer  initiates  eomplementarily  to  the  middle  T  in  both  of 
these  trinucleotide  templates  and  that  the  third  nucleotide  in 
the  initiation  sequence  serves  an  essential  but  cryptic  function. 

Hdicase  stimulation  of  primase.  The  replicative  £*  coli  he- 
licasc  (DnaU)  has  been  shown  to  stimulate  ihc  synthesis  of 
RNA  primers  by  E.  voli  primase  and  to  rclea*se  E.  voH  primase 
specilicily  for  the  trinucleotide  CTG  (II).  Thus,  in  the  pres¬ 
ence  of  he  I  lease,  E.  coH  primase  is  capable  of  generating  prim¬ 
ers  from  a  variety  of  templates*  To  determine  whether  DnaC 
(an  E,  cYj/f  DnaB  ortholog),  the  i'.  aureus  replicative  helica*sc, 
would  also  stimulate  .V.  aureus  primase  DnaG  activity,  S.  aureus 
primasc  aciiviiy  assays  in  ihe  presence  or  absence  of  S.  aureus 
F^naC  were  performed  using  a  low  concentration  of  primasc 
(4tH)  iiM)  and  either  the  CTA  or  TTA  templates.  Note  that  this 
primasc  concentration  was  much  less  than  the  2*0  |xM  used  as 
described  above  For  5*  aureus  primasc  (Fig.  2)*  The  concentra¬ 
tion  was  intentioiuilly  reduced  to  a  level  that  would  generate  a 
visible  product  when  hclicase  wa*s  added  at  800  nM  for  he  licasc 
monomer  (see  Fig  SI  in  the  supplemental  material).  The  ad- 
dilion  of  5.  uiuvus  hclicase  DnaC  stimulated  5.  aureus  prima*sc 
DnaG  activity  by  2*7-rold  with  the  CTA  template  and  by  1.6- 
fold  with  the  TTA  template  (Fig*  4).  The  predominant  RNA 
polymer  For  both  templates  was  the  Full-length  16-mer*  More¬ 
over,  the  stimulatory  effect  of  the  hclicase  on  5.  aureus  pri- 
masc  activity  did  not  release  primase  initiation  speeilicity,  since 
templates  other  than  those  containing  CTA  or  TTA  did  not 


16-mer: 

3  '.GUCUCUG  UGU-C  UC  UAAl>d;: 

5'-CAGACACACACACATTACACACA-3’ 

1  S-mer 

5  -CAGACACACACACATTACACACA-3 


13  16 


FIG*  3*  Doicrininaiion  of  the  RNA  primer  initiation  site  on  the 
'ITA  lempluLc  for  *V,  aua'us  primasc.  (A)  Schematics  of  the  predicted 
RNA  primer  product  (italics)  in  either  the  presence  or  absence  of 
rCTP  (bold)  on  the  ssDNA  lempkUc.  (8)  Dcmituring  HPLC  analysis 
of  RNA  primer  synthesis  in  the  presence  of  U,  25*  5U,  lUtJ,  and  4(KI 
rCTP.  The  reactions  were  performed  using  2  |j*M  ,ssDNA  tem¬ 
plate,  3  p-M  primase,  and  4(M1  pM  rNTPs  during  a  Lh  incubation  at 
3(rC.  Abs,  absorbance  at  260  nm. 


result  in  a  detectable  primer  product  (data  not  shown).  These 
results  demonstrated  that  the  interaction  of  S.  aureus  hclicase 
with  the  S.  aureus  primase  resulted  in  stimulation  of  predom¬ 
inately  full-length  primer  synthesis  in  the  presence  of  the  appro¬ 
priate  initiation  template. 

Restricted  helicase  stimulation  of  primase*  To  determine 
whether  hclicase  stimulation  of  primase  was  restricted  at  the 
genus  level,  the  ability  of  E.  coli  DnaB  hclicase  to  stimulate  S, 
aureus  primasc,  as  well  as  the  ability  of  5*  aureus  DnaC  helicasc 
to  stimulate  E.  colt  primase,  was  tested.  In  reactions  using  a 
low  concentration  of  primiise  (4{)ll  nM),  S,  aureus  primasc 
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FlCi.  4.  Stimulakiry  effect  of  S.  aureus  repHc^ilive  helicase  on 
aureus  primase  activity,  Denaturing  HPLC  analysis  was  performed  on 
the  RNA  products  derived  from  S.  aureus  priinase  activity  on  tem¬ 
plates  containing  the  trinucleotide  CTA  with  hclicase  (A)  and  without 
heticasc  (B)  or  the  mnucleotide  TTA  with  helicase  (C)  and  without 
hclicase  (D).  S.  aureus  DnaG  primase  (40t)  nM)  was  incubated  for  1  h 
with  400  jxM  rNTPs  and  2  |iM  ssDNA  without  or  with  S.  aureus  DnaC 
helicase  (80ft  nM).  Abs,  absorbance  at  260  nm. 


produced  a  detectable  amount  of  RNA  primers  whereas  colt 
primase  did  not  (Fig.  5).  The  amount  ofE^.  coli  primase  used  in 
this  assay  was  much  lower  than  in  an  earlier  study  (12).  It  was 
reduced  to  a  level  that  would  generate  a  visible  product  when 
helicase  was  added.  The  addition  of  E.  coli  DnaB  hclicasc 
stimulated  E.  coli  DnaG  activity  that  resulted  in  primers 
shorter  than  the  expected  16-mer  that  averaged  12  bases  in 
length  (Fig.  5),  similar  to  the  findings  in  previous  studies  (11). 
S.  aureus  DnaC  helicase  stimulated  the  production  by  5.  aureus 
DnaG  of  full-length  RNA  polymers  16  bases  in  length  but  did 
not  produce  an  observable  change  in  E.  coli  primase  activity. 


Similarly,  E.  coli  DnaB  helicase  stimulated  only  E.  coli  primase 
activity  and  not  S.  aureus  primase  activity.  Notably,  the  addi¬ 
tion  of  E.  coli  DnaB  helicase  inhibited  the  basal  level  of  S. 
aureus  DnaG  activity.  Collectively,  these  results  showed  that  S. 
aureus  DnaC  substantially  stimulated  5.  aureus  primase  activity 
and  that  this  stimulatory  effect  differed  from  that  observed  for 
E,  coli  primase  and  helicase  interactions.  More  specifically  and 
in  contrast  to  the  findings  for  E.  coli,  S.  aureus  helicase  stim¬ 
ulation  of  5.  aureus  DnaG  did  not  shorten  the  length  of  the 
RNA  primers  synthesized  and  primase  initiation  specificity  was 
not  released.  In  addition,  these  data  demonstrated  that  for 
both  E.  coli  and  5.  aureus,  the  hclicase  interaction  with  primase 
was  not  cross-reactive, 

DISCUSSION 

S.  aureus  UnaG  primase  recognition  sequence  and  stimula¬ 
tion  by  helicase.  Bacterial  genomes  are  constantly  being  ex¬ 
posed  to  a  variety  of  plasmids  and  other  foreign  DNA.  A 
mechanism  to  protect  the  genome  from  replicating  nonnalive 
DNA  may  convey  a  selective  advantage  to  the  species.  The 
studies  described  here  identified  a  number  of  important  dis¬ 
tinctions  between  E.  coli  and  5.  aureus  related  to  DNA  repli¬ 
cation,  including  different  initiation  sequences  and  primase- 
helicase  interactions  restricted  to  each  bacterial  species. 
Unlike  coli  primase,  which  initiates  de  novo  primer  synthesis 
on  templates  containing  the  trinucleotide  CTG,  S.  aureus  primase 
synthesized  an  RNA  primer  predominately  on  templates  con¬ 
taining  CTA  or  TTA  and  to  a  much  lesser  degree  on  GTA- 
containing  templates.  The  results  of  the  cytosine  titration  stud¬ 
ies  in  5,  aureus  were  consistent  with  previous  findings  for  E. 
coli  with  the  RNA  primer  initiating  complemeniarily  to  the 
middle  T  in  the  trinucleotide-containing  template  and  the  third 
nucleotide  in  the  recognition  trinucleotide  serving  as  a  cryptic 
nucleotide  that  is  essential  for  efficient  primer  formation  (6). 

A  second  level  of  restriction  at  the  genus  level  was  found  in 


FIG.  5.  Cross-species  effect  of  replicative  hclicase  stimulation  on  primase  activity.  S.  aureus  or  £.  coli  primase  {400  nM)  was  incubated  for  30 
min  with  400  pM  rNTPs,  2  jjlM  ssDNA,  and  S.  aureus  or  E.  coli  helicase  (800  nM),  The  reaction  products  were  analyzed  by  denaturing  HPLC 
The  ssDNA  template  contained  the  TTA  trinucleotide  in  S.  aureus  primase  reactions  and  the  CTG  trinucleotide  in  the  E.  coli  primase  reactions. 
Ahs,  absorbance  at  260  nm. 
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the  interaction  between  primase  and  heliease.  More  specifi¬ 
cally,  helicase  from  E.  coH  was  unable  to  stimulate  S.  aureus 
primase  activity  and  S.  aureiis  helicase  was  incapable  of  stim¬ 
ulating  E.  coli  primase  in  our  system.  These  findings  contrast 
with  findings  obtained  with  the  subunits  of  the  5.  aureus  PolC 
and  E.  coii  polymeraiie  III  holoenzymes,  which  have  been  dem- 
Diistrated  to  be  generally  interchangeable  (5). 

Interestingly,  most  bacteriophages  encode  their  own  primase 
and  helicase,  indicating  that  the  host  primase  and  helicase  arc 
unable  to  support  replication  of  the  phage  genome.  Despite 
the  likelihood  that  eubacterial  primases  and  helicases  from 
different  species  have  the  same  overall  structure,  differences  in 
key  residues  may  have  evolved  to  prevent  the  primase  and/or 
helicase  from  functioning  on  non  native  replication  forks,  such 
as  those  found  with  invading  bacteriophages.  For  example, 
several  residues  in  G.  stearothennophilus  DnaB  helicase  that 
are  not  conserved  in  E.  coU  DnaB  have  been  recently  identified 
to  have  an  important  role  in  mediating  protein-protein  interac¬ 
tions  required  for  helicase  modulation  of  primase  activity  (23). 

Correlation  of  genome  content  and  primase  initiation  spec¬ 
ificity.  For  over  It)  years  bacterial  genomes  have  been  known 
to  contain  certain  oligonucleotides  that  are  overrepresented  or 
skewed  (18).  The  biologic  significance  of  this  phenomenon, 
however,  remains  a  matter  of  significant  debate.  A  variety  of 
asymmetrical  pressures  could  contribute  to  overre presentation 
of  a  particular  sequence  on  either  DNA  strand,  including  re- 
comb  i  nation  and  repair,  composition  strand  bias,  DNA  repli¬ 
cation,  and  codon  bias.  In  agreement  with  other  studies  (1,  24), 
our  data  do  not  support  the  recombination-repair  hypothesis 
as  a  basis  for  generation  of  overrepresented  oligonucleotides. 
Our  studies  demonstrated  that  the  preferred  recognition  se¬ 
quence  for  S.  aureus  primase  was  different  from  the  recogni¬ 
tion  sequence  for  E.  coii.  However,  in  both  genomes  a  func¬ 
tional  primase  recognition  sequence  was  present  within  the 
most  frequently  occurring  oc tamers. 

Codon  bias  may  partially  explain  overre  presentation  of  the 
TTA-eontaining  octamers  in  S.  aureus  and  the  CTG-containing 
oc  tamers  in  E.  coii.  In  both  organisms,  leucine  is  the  most 
abundant  amino  acid  within  synthesized  protein.s  and  the  most 
biased  codons  for  leucine  arc  TTA  in  S.  aureus  and  CTG  in  E. 
coii  (see  the  codon  usage  table  for  Staphylococcus  aureus  N315 
and  Escherichia  coir  K-12  at  the  website  for  The  Institute 
for  Genomic  Research  [http://www.tigr.org]).  However,  the 
skewed  octamers  are  not  preferentially  located  in  coding  ver¬ 
sus  noncoding  regions  of  the  genome  (19,  20),  Therefore, 
codon  bias  and  amino  acid  usage  cannot  fully  explain  the  basis 
for  the  genomic  signatures  observed. 

While  TTA  was  overrepresented  on  the  lagging- strand  tem¬ 
plate,  the  other  significant  S.  auretLS  primase  initiation  trinu¬ 
cleotide,  CTA,  was  not.  One  possible  explanation  is  that  the 
evolution  of  an  AT-rich  genome  in  S.  aureus  required  DnaG 
primase  to  adapi  accordingly,  with  TTA  representing  a  more 
biologically  appropriate  initiation  sequence  given  the  abun¬ 
dance  of  this  trinucleotide  in  the  genome.  Another  possibility 
is  that  TTA  is  the  most -utilized  primase  initiation  sequence 
during  routine  DNA  synthesis  and  that  CTA  serves  as  the 
primase  template  during  specialized  conditions  such  as  during 
the  initiation  of  the  replication  fork  or  during  DNA  repair. 
Alternatively,  the  initial  two  ribonucleotides  in  the  primer 
product,  spccihcally  5'-pppApG-3',  and/or  the  pyrimidine- 


pyrimidine-purine  recognition  sequence  on  the  template  has 
been  conserved  due  to  common  structural  or  conformational 
constraints  within  the  recognition-active  site  of  bacterial  primtisc. 
Ongoing  structural  studies  should  facilitate  determination  of  the 
precise  mechanism  for  S.  auteus  primase  recognition  of  specific 
initiation  trinucleotides  and  subsequent  de  novo  synthesis  of  short 
RNA  polymers. 

Bidirectional  replication  from  a  single  origin  produces  a 
finite  limit  on  prokaryotic  DNA  replication  time  (17).  When  all 
other  features  are  constant,  long  genomes  take  longer  to  rep¬ 
licate.  If  cell  duplication  rates  are  an  important  component  of 
fitness,  then  single  origins  favor  small  genomes  and  the  elim¬ 
ination  of  nonuseful  DNA.  We  propose  here  that  single  origins 
of  bidirectional  replication  also  favor  a  uniform  overabun¬ 
dance  of  primase  initiation  sequences  on  the  lagging-strand 
template.  When  the  primase  initiation  sequences  are  suffi¬ 
ciently  abundant,  the  DNA  replication  rate  is  limited  by  other 
factors,  such  as  dcoxy nucleoside  triphosphate  pools,  DNA 
polymerase  subunit  concentrations,  fork  helicase  concentra¬ 
tion,  SSB,  rNTP  pools,  and  primase  concentration  (25,  26). 
However,  in  an  exponentially  growing  cell  none  of  these  fac¬ 
tors  varies.  So,  for  those  portions  of  the  genome  in  which  the 
primase  initiation  sequence  is  rare,  the  replication  rate  will 
slow  down  and  will  be  limited  by  the  rale  of  primase  inilialion, 
the  rate-limiting  step  for  primer  synthesis.  In  this  way,  primase 
specificity  exerts  selective  pressure  on  the  genome  sequence  to 
maintain  an  abundance  of  initiation  sequences  on  the  lagging- 
strand  template. 

In  a  search  for  new  sequence  elements  within  a  single  strand 
of  the  E.  coii  genome,  the  Blattner  laboratory  counted  the 
abundance  of  every  octanucleotide  sequence  (3).  They  found 
that  the  overabundant  sequences  were  GC  rich,  crossed  from 
one  strand  to  the  other  at  the  replication  origin  and  terminus, 
and  occurred  with  higher  frequency  than  the  average  Okazaki 
fragment  length.  Most  of  these  sequences  contained  I  he  Cl’G 
trinucleotide  and  were  preferentially  found  on  the  strand  that 
is  the  lagging-strand  template.  Since  the  overrepresented  se¬ 
quences  cross  over  at  the  origin  and  terminus,  these  sequences 
arc  related  to  the  replication  process.  Since  L.  coh  primase 
preferentially  initiates  from  CTG,  they  suggested  that  the  func¬ 
tion  of  these  sequences  was  to  promote  primer  initiation.  This 
correlation  provides  a  mechanism  for  primase  to  select  for  ihe 
maintenance  of  these  overrepresented  sequences  and  further 
suggests  another  mechanism  to  constrain  lateral  gene  transfer 
between  distantly  related  species. 

Primase  and  helicase  interactions  in  other  bacteria  and 
genomic  signatures.  Our  study  of  S.  aureus  primase  initiation 
specificity  and  modulation  by  helicase  has  identified  at  least 
two  issues  that  will  require  further  investigation.  Since  E.  coti 
and  S.  aureus  arc  representatives  of  the  distantly  related  fam¬ 
ilies  of  gram-negative  and  gram-positive  bacteria,  further  stud¬ 
ies  with  other  bacterial  enzymes  will  establish  whether  the 
relationship  between  genome  content  and  primase  recognition 
sequence  is  universal.  Although  the  majority  of  bacterial  ge¬ 
nomes  are  expected  to  have  overrepresented  and  strand- 
skewed  oligonucleotides,  the  primase  recognition  sequence  has 
only  been  determined  for  a  few  bacteria  (18,  19).  The  recog¬ 
nition  sequences  for  G.  stearothermophiius  primase  have  been 
recently  reported  to  be  CTA  and  TTA,  as  with  our  findings  for 
S.  aureus,  but  the  initiating  nucleotide  appears  to  be  different 
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(23).  Since  ihe  genomic  sequence  of  G.  siearothermopfulus  has 
not  been  determined,  a  correlation  between  the  G.  stearothcr- 
mophihis  DnaG  initiation  sequences  and  genome  content  can¬ 
not  currently  be  evaluated.  The  second  question  requiring  fur¬ 
ther  study  is  whether  the  specific  stimulatory  elTect  of  helicase 
on  primase  will  be  restricted  at  the  species  level  or  will  have  a 
general  etFect  among  all  gram -positive  organisms.  These  issues 
are  important  because  it  may  be  possible  to  exploit  the  close 
relationship  between  primase  and  helicase  and  the  potential 
differences  in  activity  at  the  species  or  group  level  for  new 
therapeutic  drug  discovery. 

Specific  strategies  for  antibiotic  development  have  been  pro¬ 
posed  based  on  the  essentiality  and  divergence  of  the  e abac¬ 
terial  primases  from  their  eukaryotic  counterparts  and  the  key 
interactions  between  primase  and  replicative  helicases  (21). 
X-ray  crystallography  of  portions  of  the  enzymes  believed  to  be 
involved  in  the  stimulation  of  primase  by  helicase  has  identi¬ 
fied  a  variety  of  sites  for  targeting  inhibitory  chemicals.  Our 
findings  suggest  that  inhibitors  of  primase -helicase  interactions 
will  probably  have  narrower  activity  than  inhibitors  of  DNA 
binding  by  primase. 

ACKNOWIXDGMENTS 

Ibis  work  was  supported  in  part  by  a  grant  from  the  Department 
of  Defense,  Defense  Advanced  Research  Program  Agency  (award 
W9llNF051t)275). 

We  thank  Dhundy  Bastola  and  Khalid  Sayood  for  assistance  with 
genome  sequence  analysis. 

KKt'lilKENCES 

1.  B«ll,  S.  Y.  C.  ChflwJ.  Y.  Hn,  and  D,  R.  Fwrsdyke.  J9QS.  CorTclalion  of  chi 
c^iricnliilion  widi  tr^inscriplion  iniliciitcs  a  fundamental  relationship  between 
recombinytion  and  Imnseriplion.  Gene  216:285-292. 

2.  lihattacharyya,  S,,  and  M.  A.  2000.  Dn:iB  hclica.se  afFccls  the  initia- 

Liiiii  speciticily  of  E.^cfterkhia  coli  primase  on  singte-stranded  DNA  tem¬ 
plates.  Bt<>elicrriislry  ,19:745-752. 

3.  Blattncr,  F.  R.,  G,  Plunkett  Ill,  C  A.  Vlveh,  N,  W  Pema,  V,  Hurland,  M. 
Kilcif  J.  Cvlladci-Vidc^,  J.  D.  Glasner,  C.  K.  Rode,  G.  F,  May  hew,  J.  Gregor, 
N.  W.  Davis,  H.  A,  Kirkpatrick,  M,  A,  Cotden,  D.  J.  Rose,  B.  Mau,  and  Y. 
Shan,  1 007.  The  ctvmplcte  genome  sequence  of  Escherichia  coii  K- 12.  Science 
277:1453-1474. 

4.  Bradford ,  M.  M.  1070.  A  rapid  and  sensitive  method  for  I  he  quaniiiation  of 
mierogram  quunlilics  of  protein  utilizing  the  principle  of  protein-dye  bind¬ 
ing.  Anal.  Bii>chcm.  72:248-254. 

5.  Bruck,  I.,  R.  F.  Georgescu,  and  M.  O'Duniiell.  2tKI5.  Conserved  interactions 
in  the  Sinphylococcuji  aureus  DNA  PolC  chromost^me  replication  machine. 
J.  Biol.  Chem.  280:18152-18162. 

6.  Frick,  D.  N.,  and  C*  C,  Richardson,  2001-  DNA  primases.  Annu.  Rev. 
Biticliem.  70:30-8(1. 

7.  Griep,  M,  A,  1995.  Primase  structure  and  function.  Indian  J.  Biochem. 
Biophys.  32:171-178. 

8.  GHcp,  M,  A.,  and  E.  R.  Lokey.  1906.  I’hc  role  of  /inc  and  ihe  rcaciiviiy  of 
cyslcine.'i  in  Esdieridiia  coii  primase.  Bioclicmisliy  35:826()-4^267. 


9.  Grumpe,  M,,  J,  Versalovic,  T,  Koeulh,  and  J,  R,  Lvpski.  1991.  Mutations  in 
the  Escherichia  coE  dnaG  gene  sugge.st  coupling  between  DNA  replication 
and  chromosome  partitioning.  J.  Bacteriol.  173:1268-1278. 

10.  Hiiwcll,  Lw  D,,  R,  Borebardt,  h  Kok,  A.  M.  Kaz,  C.  Randak,  and  J.  A.  Colin. 
2(MI4.  Protein  kinase  A  regulates  ATP  hydrolysis  and  dimerization  by  a 
CFTR  (cystic  librosis  transmenibrane  conduct ance  regulalor)  domain.  Bio- 
chem.  J.  37«:1.5|-I59. 

11.  Johnsan,  S.  K.,  S.  Bhattachai^a,  and  M,  A.  Griep,  2(MKI.  DnaB  helicase 
stimulates  primer  synthesis  activity  on  sliort  oLigonucleotlde  templates.  Bio- 
chcmisiiy  39:736-744, 

12.  Koepscll,  S.,  D.  Baslola,  S,  H.  Hinrichs,  and  M.  A,  Griep,  2004.  I  hcrmylly 
denaturing  high-performance  liquid  chromatography  analysis  of  primase  ac¬ 
tivity.  Anal.  Biochem.  332:330-335. 

1 3.  Kumda,  M.,  T.  Ohta,  L  Lchlyama,  T.  Baba,  El.  Yuzawa,  L  Kobayashi,  Cui,  A 
Qguchi,  K.  Anki,  Y,  Nagui,  J,  lian,  W  Ito,  M.  Kanamori,  H.  Mat^umam,  A 
Maruyama,  IJ.  Murakami,  A  Husayama,  Y.  Mizulani-Ui,  N,  K,  Tukahushi, 
T,  Sawann,  R.  Inouc,  C.  Kailn,  K,  SckJmiiEu,  H.  Hirakawa,  S.  Kuhani,  S.  Cota, 
J.  Yabuzaki,  M.  Kanehisa,  A  Yamashila,  K.  Oshima,  K,  Fumyu,  C.  Yoshinu,  T 
Shiba,  M.  Hultori,  N.  Ogosawar^  H,  Hayashi,  and  K.  Hiramatsu.  2001.  Whole 
genome  sequencing  of  methicillin-resistant  Sraj}hvh}cocaLS  aumts.  Dmcct  357: 
1225^1240. 

14.  Liu,  J.,  M.  Dehbi,  G.  Mncck,  F.  Arhin,  P.  Bauda,  D.  Beigenm,  M,  Calico, 
V.  FeiTvtti,  N.  Ka,  Kwan,  J.  McCarty,  K.  f^rikumar,  D.  Williams,!.  .1-  Wu, 
P,  Gros,  J,  Pelletier,  and  M*  Du  Bow,  2004.  Antimicrobial  drug  discovery 
through  bacteriophage  genomics.  Nat.  Biolechnol.  22:185-191. 

L5.  Oakley,  A.  J„  K.  V.  Uischa,  P.  M.  SchaeiTer,  £.  Liepiush,  G.  Pintacuda,  M.  C. 
Wilce,  G,  Oiling,  and  N*  E,  Dixon.  2005.  Crystal  and  solution  structures 
of  the  helicase-binding  domain  of  Eschetichui  coii  primase.  J.  Biol.  Chem. 
280:11495-11504. 

16.  Pan,  H.,  and  D.  B.  Wigley.  2(Xllk  Structure  of  the  zinc-binding  domain  of 
Badflus  stearothemiophihis  DNA  primase.  Structure  Fold.  Des.  8:231-239, 

17.  Poole,  A.  M,,  M,  J,  Phillips,  and  D,  Penny,  2003.  Prokaryote  and  eukaryote 
evolvahility.  Biosystems  69:163-185. 

18.  Rocha,  E,  P.  2(104.  1'hc  replication -related  organization  of  bacterial  ge¬ 
nomes.  Microbiology  150:1609-1627. 

19.  SaLzherg,  S.  L,,  A  J,  Salzberig,  A  R,  Kertavage,  and  J.  F.  Tomb.  1998. 
Skewed  oligomers  and  origins  of  replication.  Gene  217:57-67. 

20.  Sandberg,  R,,  C.  E,  Branden,  1,  EmlMrg,  and  J.  Cnsier.  2(M13.  Quantifying  the 
species^spedticity  in  genomic  signatures,  synonymous  codon  choice,  lunintt 
acid  usage  and  G+C  content.  Gene  311:35^2. 

21.  Sou  lianas,  P,  20(15.  The  bacterial  belicasc-primase  imeraction:  a  common 
structural/functional  module.  Structure  (Cambridge)  13:839-844. 

22.  Swart,  J.  R.,  and  M,  A.  Grlep.  1993.  Primase  from  Escherichia  coii  primes 
single-stranded  templates  in  the  absence  of  siuglc-strandcd  DNA-binding 
protein  or  other  auxiliary  proteins.  Template  sequence  requirements  based 
on  the  baeteriophage  G4  complementary  strand  origin  and  Okazaki  frag¬ 
ment  initiation  sites.  J.  Biol.  Chem.  268:12970-12976, 

23.  Thirlway,  J.,  and  P,  Soultanas,  2006.  In  the  Badlim  stcantthermophifus 
DnaB-DnaG  complex,  the  activities  of  the  two  proteins  are  modulated  by 
distinct  but  overlapping  networks  of  residues.  J.  B:icleriol.  188:1534-1539. 

24.  Lno,  R,,  Y,  Nakayama,  K.  AraEiawa,  and  M,  IVimita,  2(KW1.  Tliic  orienlatiim 
bias  of  Chi  sequences  is  a  general  tendency  of  G-rich  oligomers.  Gene 
259:207-215. 

25.  Zechner,  E.  E,  C.  A,  Wu,  and  K.  J.  Marians,  1 992.  Coordinated  leading-  and 
lagging-strand  synthesis  at  the  Esdtcrichia  coii  DMA  replication  fork.  [I. 
Frequency  of  primer  .synthesis  and  efficiency  of  primer  utilization  control 
Okazaki  fragment  size.  1.  Biol.  Chem.  267:4045-4053. 

26.  Zechner,  E.  L.*  C,  A  Wu,  and  K.  J,  Marians.  1992.  Ctxjrdinatcd  leading-  and 
lagging-strand  synthesis  at  the  Escherichia  coii  DNA  replication  fork.  111.  A 
iwlymerase-primase  interaction  governs  primer  size.  J.  Biol.  Chem.  267: 
4054-4053, 


Downloaded  from  jb.asm.org  at  UNIV  OF  NEBRASKA  MED  CTR  on  December  20,  2007 


Staphylococcus  aureus  Primase  Is  Less  Stimulated  by  Its  Helicase  than  Escherichia  coli 
Primase 


12  12  23 

Scott  A.  Koepsell,  ’  Marilynn  A.  Larson,  ’  Christopher  A.  Frey,  ’ 

and  Mark  A.  Griep^’^* 


1  2 

Steven  H.  Hinrichs,  ’ 


Department  of  Microbiology  and  Pathology,  University  of  Nebraska  Medical  Center, 
Omaha,  Nebraska  68198-6495^ ;  University  of  Nebraska  Center  for  Biosecurity,  Omaha, 
Nebraska  68198-6495  ;  and  Department  of  Chemistry,  University  of  Nebraska-Lincoln, 

Lincoln,  Nebraska  68588-0304^ 

RUNNING  TITLE:  S.  aureus  Primase 

*  Corresponding  author.  Mailing  address:  Department  of  Chemistry,  University  of 
Nebraska-Lincoln,  Hamilton  Hall  614,  Lincoln,  NE  68588-0304.  Phone:  (402)  472-3429; 
Fax:  (402)  472-9402.  E-mail:  mgriep  1  @unl.edu. 


Abbreviations:  DSS,  disuccinimidyl  suberate;  DTT,  dithiothreitol;  GST,  glutathione  S- 
transferase  from  Schistosoma  japonicum;  PEG,  polyethylene  glycol;  ssDNA,  single- 


stranded  DNA 


Abstract 


The  study  of  primases  from  model  organisms  such  as  Escherichia  coli,  phage  T7,  and 
phage  T4  has  demonstrated  the  essential  nature  of  primase  function,  which  is  to  generate 
de  novo  RNA  polymers  to  prime  DNA  polymerase.  However,  little  is  known  about  the 
function  of  primases  from  other  eubacteria.  Their  low  primary  sequence  homology  may 
result  in  functional  differences.  To  help  understand  which  primase  functions  were 
conserved,  primase  and  its  replication  partner  helicase  from  the  pathogenic  Gram¬ 
positive  bacteria  Staphylococcus  aureus  were  cloned,  expressed,  and  purified.  Its 
conserved  properties  were  slow  kinetics,  low  fidelity,  poor  sugar  specificity,  and 
stimulation  of  activity  by  helicase.  When  compared  to  the  activity  of  Escherichia  coli 
primase,  however,  the  S.  aureus  primase  had  higher  activity  and  was  less  stimulated  by 
its  helicase.  An  even  more  significan  difference  between  these  two  primases  was  that  the 
initiation  specificity  of  S.  aureus  primase  was  not  broadened  by  its  interaction  with  its 


fork  helicase. 


Introduction 


Primase  is  the  specialized  DNA-dependent  RNA  polymerase  that  generates  short 
oligoribonucleotide  polymers  de  novo  elongated  by  DNA  polymerase  to  initiate  DNA 
synthesis  {1,  2).  During  bacterial  DNA  replication  on  a  circular  chromosome,  primase 
initiates  leading  strand  synthesis  at  least  once  and  lagging  strand  synthesis  many  times.  In 
Escherichia  coli  and  Staphylococcus  aureus,  conditionally  lethal  mutations  in  the 
primase  genes  yielded  a  lethal  phenotype  under  the  non-permissive  conditions, 
demonstrating  the  essentiality  of  the  enzyme  (5,  4).  The  indispensable  function  of 
primase  and  the  structural  divergence  of  the  eukaryotic  and  prokaryotic  primases  (5,  6) 
have  lead  to  the  identification  of  the  enzyme  as  a  target  for  novel  antibiotic  development 
(7.  8). 

An  important  consideration  for  using  primase  as  an  antibiotic  target  is  whether  or  not 
the  low  primary  sequence  homology  among  the  eubacterial  primases  has  any  functional 
relevance.  The  E.  coli  DnaG  gene  product  is  the  model  eubacterial  primase  because  its 
structure  and  function  have  been  extensively  characterized.  It  has  been  demonstrated  that 
the  E.  coli  primase  is  slow  (P),  has  low- fidelity  (P),  binds  G4-ori  ssDNA  as  a  dimer  {10, 
11),  and  that  DnaB  helicase  stimulates  its  catalytic  activity  over  15-fold  {12).  E.  coli 
primase  specifically  initiates  RNA  primer  synthesis  complementary  to  the  trinucleotide 
5’-d(CTG)-3’  in  vitro  {13).  In  addition  to  stimulating  primase  activity,  E.  coli  DnaB 
helicase  has  been  shown  to  release  primase  initiation  specificity  such  that  most  templates, 
even  those  lacking  the  trinucleotide  d(CTG),  support  some  measurable  RNA  primer 
synthesis  in  vitro  {13). 


The  two  bacterial-like  primases  that  have  been  studied  in  the  greatest  biochemical 
detail  are  T7  gene  4  protein  and  T4  gene  61  protein  (2).  They  share  many  similarities 
with  E.  coli  primase  including  trinucleotide  initiation  specificity,  although  T7  primase 
recognizes  d(GTC)  and  T4  primase  recognizes  d(GTT).  T7  gene  4  differs  significantly 
from  the  primases  of  T4,  E.  coli  and  other  bacterial  primases  in  that  its  N-terminus  is  a 
homologous  primase  but  its  C-terminus  is  a  helicase  that  homohexamerizes.  The  gene  4 
helicase  is  a  homolog  of  bacterial  DnaB  helicases  and  the  T4  gene  41  helicase.  Both  E. 
coli  DnaB  and  T4  gene  41  helicase  are  functional  homohexamers  that  bind  and  stimulate 
the  activity  of  their  respective  primases. 

Recently,  it  was  demonstrated  that  the  primases  and  replication  fork  helicases  from 
mesophilic  S.  aureus  and  thermophilic  Geobacillus  stearothermophilus  have  properties 
that  diverge  from  their  E.  coli  homologs  {14,  15).  Both  primases  initiated  from  5’-TTA- 
3’  and  5’-CTA-3’.  The  two  enzymes  differed  in  that  the  fork  helicase  endows  very  little 
stimulation  on  primer  synthesis  activity  in  the  G.  stearothermophilus  system  but  a  great 
deal  in  the  S.  aureus  system.  In  light  of  these  findings,  we  investigated  whether  other 
biochemical  differences  might  exist.  The  results  demonstrated  that  S.  aureus  primase 
elongates  with  high  fidelity  in  contrast  to  the  low  fidelity  of  E.  coli  primase.  There  was 
also  no  change  in  S.  aureus  primase  initiation  specificity  was  observed  when  stimulated 
by  its  helicase.  Therefore,  there  are  three  major  differences  between  the  S.  aureus  and  E. 
coli  systems. 


MATERIALS  AND  METHODS 


Chemicals.  HPLC-purified  synthetic  oligonucleotides  (Table  1)  were  obtained  from 
Integrated  DNA  Technologies  (Coralville,  lA).  Magnesium  acetate,  potassium  glutamate, 
HEPES,  Brilliant  Blue  Colloidal  stain,  and  DTT  were  obtained  from  Sigma  (St.  Louis, 
MO).  Ribonucleoside  triphosphates  (NTPs)  were  purchased  from  Promega  (Madison, 
Wl).  Deoxyribonucleoside  (dNTPs)  and  dideoxynucleoside  triphosphates  (ddNTPs)  were 
obtained  from  Roche  Molecular  Biosystems  (Mannheim,  Germany).  Primer  lengths  and 
quantities  were  measured  on  a  WAVE  HPLC  Nucleic  Acid  Fragment  Analysis  System 
with  a  DNASep  HPLC  column  from  Transgenomic  (Omaha,  NE). 

Expression  and  purification  of  S.  aureus  primase  and  S.  aureus  DnaC  helicase. 
The  primase  and  DnaC  helicase  from  Staphylococcus  aureus  sp.  strain  N315  were 
cloned,  expressed,  and  purified  as  described  {14).  The  wildtype  S.  aureus  primase  was 
prepared  as  the  V-terminal  GST-fiision  to  overcome  solubility  problems  that  were 
encountered  in  its  absence.  Note  that  S.  aureus  DnaC  helicase  is  the  ortholog  of  E.  coli 
DnaB  helicase. 

Primer  synthesis  assay.  RNA  primer  synthesis  reactions  were  performed  in  100  pi 
nuclease-free  water  reactions  containing  50  mM  HEPES,  100  mM  potassium  glutamate, 
pH  7.5,  10  mM  DTT,  400  pM  NTPs  and  10  mM  magnesium  acetate.  DnaC  helicase 
(typically  133  nM  hexamer)  and  ssDNA  template  (typically  2  pM)  were  present  before 
the  reactions  were  initiated  with  primase  (typically  2  pM).  The  samples  were  incubated 
at  30  °C  for  the  indicated  amount  of  time  (typically  30  to  90  min)  and  then  quenched  by 
heat  inactivation  at  65  °C  for  10  min.  The  samples  were  desalted  in  a  Sephadex  G-25  spin 
column  (Amersham,  Piscataway,  NJ),  speed  vacuumed  to  dryness,  the  pellet  re- 


suspended  in  1/10*  the  original  volume  of  water,  and  then  8.0  pL  of  the  sample  was 
analyzed  by  HPLC  under  thermally-denaturing  conditions  at  80  °C  as  previously 
described  {16).  The  flow  rate  and  acetonitrile  gradient  allowed  detection  of  both  the  RNA 
and  ssDNA  template  peaks,  which  were  detected  by  absorbance  at  260  nm.  Retention 
time  fluctuations  for  the  RNA  peaks  were  minimized  by  adjustment  relative  to  the 
ssDNA  template  retention  time. 

Primer  synthesis  quantification.  The  moles  of  primers  were  quantified  by  using  the 
template  as  an  internal  standard.  First,  the  area  under  each  RNA  peak  and  the  template 
peak  were  background-corrected  and  its  area  summed  such  that  it  had  units  of  mV*min. 
Next,  all  areas  were  then  divided  by  their  relative  extinction  coefficients  (Table  1  &  2). 
Finally,  each  reaction’s  template  concentration  was  used  in  conjunction  with  its  mole- 
adjusted  area  to  determine  the  molarity  (or  moles)  of  each  primer  length.  Total  primer 
synthesis  is  reported  as  the  sum  of  moles  of  all  primer  lengths.  This  approach  also  had 
the  advantage  that  it  eliminated  the  variability  introduced  to  the  system  when  the  samples 
were  spun,  dried,  resuspended,  and  injected. 

Mathematical  models.  During  primer  synthesis,  one  primase  binds  to  one  template, 
synthesizes  a  short  RNA  polymer  complementary  to  it,  and  may  or  may  not  dissociate. 
Therefore,  the  kinetic  model  in  a  pool  of  nucleotides  is: 

P  +  D  PD  >PDR 

where  P  is  primase,  D  is  the  ssDNA  template,  and  R  is  the  short  RNA  polymer  called  a 
primer.  Since  primer  synthesis  is  the  rate-limiting  step,  then  k.i  >  kcat  and  the  Km  is 
essentially  equal  to  the  Kd.  Therefore,  as  shown  previously  (P),  primer  synthesis  is  a 
first-order  process  controlled  by  the  concentration  of  primase-template  as  R  =  Rapp  max  (1  - 


ex/)(-kcat*t)),  where  Rapp  max  is  the  apparent  maximum  number  of  primers  synthesized,  and 
kcat  is  the  first-order  eatalytie  rate  (shown  to  be  2.4  x  10’"^  s''  below).  Rapp  max  should  be 
proportional  to  the  PD  eoncentration  capable  of  priming  and  when  the  time  is  held 
constant  at  say  90  min,  the  fraction  of  primed  templates  should  reach  0.726  (=  1  -  exp{- 
0.00024  s''  X  5400  s)).  The  reaction  kinetics  were  fit  to  the  indicated  equations  using 
Prism  4  for  Macintosh  (GraphPad  Software,  San  Diego,  CA). 

Chemical  crosslinking.  The  oligomeric  state  of  the  GST-primase  was  determined  by 
chemical  crosslinking  with  disuccinimidyl  suberate  (DSS)  followed  by  denaturing  gel 
electrophoresis  {17).  Each  20-pL  reaction  contained  4  pM  GST-primase,  with  or  without 
300  pM  DSS,  and  with  or  without  5  mM  DTT  in  a  buffer  of  50  mM  HEPES,  pH  8.0. 
Each  sample  was  incubated  for  40  min  at  room  temperature,  diluted  1:2  into  denaturing 
buffer  (125  mM  Tris,  pH  6.8,  4%  sodium  laurylsulfate,  20%  glycerol),  and  heated  to  90 
°C  for  10  min  to  denature  any  noncovalent  protein  interactions.  Each  lane  of  the  4% 
stacking  gel  and  7.5  to  17%  gradient  resolving  gel  was  loaded  with  25  pL  of  the  1:2 
sample.  The  electrophoresis  buffer  was  25  mM  Tris,  192  mM  glycine,  0.1%  sodium 
laurylsulfate,  pH  8.3.  The  proteins  were  visualized  with  colloidal  Coomassie  blue  stain 
and  the  band  intensities  quantified  in  an  Epi  Chemi  II  Darkroom  Gel  Documentation 
System  (UVP  Labs,  Upland,  CA).  The  high  molecular  weight  calibration  proteins  were 
from  GE  Healthcare  (Buckinghamshire,  UK).  The  DSS  and  Coomassie  were  from  Sigma 
Chemical  Co.  (St.  Louis,  MO). 


RESULTS 

The  purpose  of  this  study  was  to  determine  the  kinetic  properties  of  S.  aureus  primase 
so  that  they  could  be  compared  to  those  of  other  primases,  particularly  E.  coli. 

Quaternary  structure  of  GST-primase.  The  quaternary  structure  of  an  enzyme  must 
be  known  before  detailed  kinetic  studies  can  be  designed  and/or  interpreted.  In  our 
previous  study,  it  was  shown  that  the  Schistosoma  japonicum  GST  tag  was  required  to 
enhance  the  solubility  of  S.  aureus  primase  {14).  Since  others  have  shown  that  free  GST 
protein  is  dimeric  in  vitro  (18)  and  in  crystal  form  (19,  20),  it  was  necessary  to  determine 
the  fusion  protein’s  quaternary  structure.  In  the  presence  of  reducing  agent,  4  pM  GST- 
primase  electrophoresed  as  a  monomer  at  a  size  of  100  kDa,  the  predicted  size  of  the 
fusion  protein  (Fig.  1,  lanes  2).  Other  workers  have  reported  that  GST  can  undergo 
oxidative  aggregation  to  form  both  functional  dimers  and  larger  nonfunctional 
aggregrates  (21).  When  the  reducing  agent  was  omitted  from  GST-primase  (Fig.  1,  lane 
1),  densitometric  scanning  showed  that  9%  of  the  protein  electrophoresed  as  larger 
aggregates  but  none  of  it  as  a  dimer.  Further  studies  with  native  gel  electrophoresis  in  the 
presence  of  a  reducing  agent  showed  that  35  pM  GST-primase  did  not  form  a 
heterodimer  or  larger  aggregates  when  incubated  with  150  pM  free  GST  (data  not 
shown).  Collectively,  these  results  indicated  that  the  GST  tag  on  primase  was  not 
capable  of  forming  oxidized  dimers. 

The  quaternary  structure  of  GST-primase  was  investigated  further  by  chemical 
crosslinking  in  the  presence  and  absence  of  reducing  agent.  When  4  pM  protein  was 
incubated  with  300  pM  DSS  but  no  DTT  and  then  subjected  to  denaturing  gel 
electrophoresis  (Fig.  1,  lane  3),  only  41%  of  the  fusion  protein  electrophoresed  as  a 


monomer.  The  remaining  59%  were  large  aggregates  that  did  not  migrate  into  the  gel 
(data  not  shown).  No  protein  bands  were  present  that  would  be  consistent  with 
dimerization.  When  GST-primase  was  incubated  with  DSS  in  the  presence  of  a  reducing 
agent,  79%  of  the  material  electrophoresed  as  a  monomer  and  the  remainder  as  higher 
aggregrates.  This  property  is  very  different  from  free  GST,  100%  of  which  migrated  as 
dimers  after  being  crosslinked  (22).  Therefore,  primase  with  a  GST  tag  is  a  stable 
monomer  under  reducing  conditions  but  is  capable  of  forming  large  crosslinked  networks 
under  oxidizing  conditions.  All  of  the  experiments  described  below  are  under  reducing 
conditions. 

Effect  of  free  GST  on  GST-primase  activity.  Free  GST  was  added  to  the  GST- 
primase  to  determine  whether  GST  dimerization  was  capable  of  affecting  the  activity  of 
the  fusion  protein.  When  1.5  pM  primase  and  2  pM  ssDNA  were  incubated  in  the 
absence  or  presence  of  1.5  pM  free  GST,  the  activity  actually  rose  by  5.8%  (the  average 
of  duplicate  experiments),  which  was  within  the  normal  range  of  measurement  error  for 
these  experiments.  When  15  pM  free  GST  was  added  to  the  reaction,  primer  synthesis 
activity  was  reduced  by  12%  compared  to  the  absence  of  GST,  indicating  weak 
interference  and  consistent  with  a  Ki  of  110  pM.  Therefore,  the  GST  domain  of  GST- 
primase  does  not  readily  form  dimers  and  does  not  need  to  be  considered  within  our 
working  concentration  range. 

S.  aureus  primase  kinetic  rate  under  optimal  conditions.  RNA  primer  synthesis 
takes  place  when  primase  is  incubated  with  magnesium  ion,  a  mixture  of  four  NTPs,  and 
a  ssDNA  template  containing  an  initiation  trinucleotide  located  6  nucleotides  from  the  3’- 
end  (Scheme  1).  Primer  lengths  and  amounts  were  quantified  using  a  denaturing  HPLC 


assay  that  is  capable  of  resolving  the  base  and  sugar  composition  of  the  products  {16)  and 
analyzed  as  described  in  the  Materials  and  Methods.  While  optimizing  the  conditions  for 
S.  aureus  primase  activity,  it  was  found  that  the  optimal  temperature  for  in  vitro  primer 
synthesis  was  30  °C,  with  reduced  activity  at  37  and  15  °C  and  no  detectable  activity  at  0 
or  42  °C  (data  not  shown).  Analysis  of  primase  activity  at  various  magnesium 
concentrations  determined  that  the  greatest  activity  was  constant  between  10  and  20  mM. 
There  were  no  RNA  primers  synthesized  in  the  absence  of  magnesium  and  concentrations 
greater  than  20  mM  were  inhibitory.  Primase  activity  was  undetectable  in  the  absence  of 
NTPs,  nearly  saturated  at  a  NTP  concentration  of  400  pM,  and  was  maximal  at  800  pM. 
Therefore,  30  °C,  10  mM  magnesium  ion,  and  400  pM  NTP  concentrations  were  used  for 
all  subsequent  experiments. 

Under  the  standard  conditions,  the  primer  synthesis  catalytic  rate  was  measured  in  the 
presence  of  2  pM  primase  and  1  pM  ssDNA  (Fig.  2).  The  kinetic  data  conformed  to  a 
single-mode  binding  saturation  relationship  P  =  Papp  max  exp{\  -  kcat*t),  where  P  was  the 
moles  of  primer  synthesized  at  any  given  time,  Papp  max  was  the  apparent  maximum 
number  of  primers  synthesized,  and  kcat  was  the  first-order  catalytic  rate.  Nonlinear 
regression  of  the  data  yielded  a  Papp  max  of  48.7  ±  0.5  pmol  RNA  primers  and  a  kcat  of  24.2 
(±  0.6)  X  10'^  s  '  and  an  of  0.9988.  Given  that  there  were  100  pmol  template  in  the 
reaction,  49%  of  the  templates  were  primed  during  the  course  of  the  reaction.  The  was 
higher  than  the  25%  observed  with  E.  coli  primase  using  the  d(CTG)  template  that  was 
also  blocked  at  its  3’-terminus  under  similar  conditions  {16),  indicating  that  S.  aureus 
primase  had  somewhat  higher  affinity  for  its  ssDNA  template  than  does  E.  coli  primase. 
The  primer  synthesis  rate  for  S.  aureus  primase  was  an  order  of  magnitude  slower  than 


the  rate  for  E.  coli  primase  (kcat  of  0.00251  s'')  (9,  16)  and  confirms  that  de  novo  primer 
synthesis  is  very  slow  regardless  of  the  bacterial  primase  source. 

Primase  concentration  dependence.  Given  that  S.  aureus  primase  was  monomeric,  its 
activity  should  be  proportional  to  its  concentration.  At  primase  below  400  nM,  only 
primers  less  than  full  length  were  synthesized  (Fig.  3A).  As  the  primase  concentration 
was  increased  to  1.2  pM,  all  lengths  of  primers  increased  and  the  full-length  primers 
began  to  grow  in.  Assuming  that  primase  initiated  from  the  central  nucleotide  and 
elongated  to  the  end  of  the  template,  the  full-length  primer  would  be  16  nucleotides  as 
indicated  on  the  figure.  Above  1.2  pM  primase,  the  amount  of  full-length  primers 
preferentially  increased.  This  pattern  of  activity  suggested  that  S.  aureus  primase 
preferentially  synthesized  primers  that  were  8  to  10  nucleotides  during  its  first  burst  of 
trinucleotide-initiated  synthesis,  either  stalled  or  dissociated,  and  then  elongated  from  the 
short  primer’s  3’-end  until  it  ran  out  of  template  sequence. 

When  the  moles  of  primer  at  each  length  were  quantified  and  then  summed  to  yield 
total  primers  synthesized,  it  was  observed  that  primer  synthesis  conformed  to  a 
hyperbolic  relationship  with  primase  concentration  (Fig.  3B).  This  indicated  that  primase 
and  template  were  present  at  limiting  concentrations  and  formed  a  stoichiometric 
complex.  Since  the  total  concentration  of  template  and  primase  were  known,  the  data 
were  fit  to  a  quadratic  expression  that  accounted  for  the  maximum  fraction  of  primase- 
template  complex.  The  fit  indicated  that  100%  of  the  templates  would  be  primed  at 
saturating  primase  concentration  (R^  =  0.985)  and  that  the  apparent  dissociation  between 
primase  and  its  ssDNA  template  was  1 12  ±  31  nM.  This  affinity  was  about  6-fold  greater 
than  the  affinity  between  E.  coli  primase  and  its  ssDNA  template  (9). 


Primase  nucleotide  sugar  specificity  and  identification  of  the  initiating  nucleotide. 

In  a  previous  study,  S.  aureus  primase  primarily  initiated  RNA  primer  synthesis 
complementary  to  the  trinucleotides  d(TTA)  and  d(CTA)  {14).  It  had  no  activity  on 
nineteen  other  templates  including  the  d(CTG)  template  that  supports  E.  coli  primase 
activity.  It  was  also  shown  that  the  S.  aureus  DnaC  primase  interacted  functionally  with 
the  S.  aureus  helicase  but  not  with  the  E.  coli  helicase  {14).  These  observations 
confirmed  that  the  activity  observed  with  the  recombinant  S.  aureus  proteins  were  not  the 
result  of  any  contaminating  E.  coli  proteins  from  the  E.  coli  overproducing  strain. 

The  presence  of  a  single  template  guanosine  at  the  antepenultimate  position  of  the 
d(TTA)  template  (Scheme  1)  was  engineered  to  examine  the  site-specific  insertion 
properties  of  the  S.  aureus  primase.  A  series  of  experiments  were  performed  (Fig.  4)  to 
explore  the  insertion  specificity  while  at  the  same  time  establishing  primer  lengths  and, 
therefore,  the  initiating  nucleotide.  When  CTP  was  omitted  from  the  reaction,  S.  aureus 
primase  generated  only  one  major  RNA  product  (Fig.  4A,  lowest  chromatogram).  This 
corresponded  to  the  13-mer  RNA  species  according  to  our  previous  study  {16).  When  the 
absorbance  scale  was  increased  (data  not  shown),  it  was  observed  that  some  primers  were 
longer  than  the  13-mer  indicating  that  some  mis-insertion  was  taking  place. 

When  400  pM  CTP  was  included  in  the  reaction,  the  major  product  was  16-mer  RNA 
plus  some  15-  and  14-mer  RNA  (Fig.  4A,  second  lowest  chromatogram).  When  dCTP 
was  present  at  25  or  75  pM,  the  13-mer  paak  decreased  while  a  new  peak  about  one 
nucleotide  longer  intensified  along.  Two  other  peaks  also  grew  in  but  with  lower 
intensity.  None  of  these  three  peaks  corresponded  with  the  all-RNA  primer  elution 
peaks.  In  a  previous  paper,  we  showed  that  the  missing  hydroxyl  makes  a  deoxyribose 


more  hydrophobic  than  a  ribose  so  that  it  interacts  more  strongly  with  the  alkylated 
nonporous  polystyrene-divinylbenzene  copolymer  of  the  reversed  phase  column  {16). 
Therefore,  the  species  that  is  one  nucleotide  longer  is  terminated  with  a 
deoxyribonucleoside  (dC14  in  Fig.  4 A)  and  the  two  primer  species  longer  than  the  14- 
mer  have  elongated  from  the  deoxyribolyated  terminal  sugar.  The  lower  yields  of  these 
two  elongated  primers  indicated  that  primase  did  so  with  a  lower  relative  efficiency  than 
from  a  ribosylated  3 ’-hydroxyl  group. 

When  ddCTP  was  present  at  25  or  75  pM,  S.  aureus  primase,  a  new  peak  grew  in  at  a 
much  longer  elution  time  (Fig.  4A,  top  two  chromatograms).  The  two  missing  hydroxyls 
of  a  terminal  ddNMP  were  much  more  hydrophobic  than  a  ribo-terminated  polymer  {16) 
so  that  it  eluted  much  later  than  the  equivalent  ribo-terminated  14-mer.  As  expected,  no 
products  longer  than  this  peak  were  observed  because  insertion  of  a 
dideoxyribonucleotide  causes  chain  termination.  Nevertheless,  the  ddCTP  concentration 
dependence  was  similar  to  that  for  dCTP,  indicating  that  they  are  inserted  with  similar 
efficiencies  and  indicating  a  lack  of  nucleotide  sugar  discrimination. 

When  the  chromatogram  peaks  were  quantified  and  the  fraction  of  primers  longer  than 
14-mers  fit  to  a  Michaelis-Menten-like  relationship,  it  was  discovered  that  5  (±  2)%  of 
the  primers  in  the  absence  of  CTP  were  the  result  of  mis-insertion  at  position  14.  This 
was  similar  to  E.  coli  primase  in  which  6%  of  RNA  primers  were  longer  than  13 
nucleotides  under  nearly  indentical  conditions  {9).  The  fits  further  indicated  that  the  K50 
for  ddCTP  insertion  was  27  ±  1  pM  (R^  =  0.9995)  and  for  dCTP  insertion  plus 
incorporation  was  44  ±  4  pM  (R^  =  0.997).  The  S.  aureus  enzyme  inserts 
dideoxynucleosides  more  readily  than  it  inserts  deoxynucleosides. 


Single-stranded  DNA  concentration  dependence.  To  determine  the  stoichiometry  or 
possible  sigmoidicity  of  ssDNA  template  binding,  primer  synthesis  was  measured  as  a 
function  of  CTA  template.  Below  800  nM  template,  the  predominant  product  was  the 
full-length  16-mer  (Fig.  5A).  As  the  ssDNA  was  increased,  more  of  the  shorter  primers 
were  synthesized.  The  simplest  interpretation  was  that  the  first  functionally  bound 
primase  synthesized  a  short  primer  of  8-12  nucleotides  and  then  stalled  or  dissociated. 
Time  and/or  more  primase  were  able  to  prime  the  remaining  templates  and  to  elongate 
from  the  initial  short  primers. 

When  the  moles  of  primer  at  each  length  were  quantified  and  then  summed  to  yield 
total  primers  synthesized,  it  was  observed  that  primer  synthesis  conformed  to  a 
hyperbolic  relationship  with  ssDNA  concentration  (Fig.  5B).  This  confirmed  that  primase 
and  template  were  present  at  limiting  concentrations  and  were  forming  a  stoichiometric 
complex.  Since  the  total  concentration  of  template  and  primase  were  known,  the  data 
were  fit  to  a  quadratic  expression  that  accounted  for  the  maximum  fraction  of  primase- 
template  complex.  The  fit  indicated  that  100%  of  the  templates  would  be  primed  at 
saturating  ssDNA  concentration  (R^  =  0.993)  and  that  the  apparent  dissociation  between 
primase  and  its  ssDNA  template  was  87  ±  17  nM.  This  was  the  same  value  as  determined 
from  the  primase  titration  in  Figure  3. 

S.  aureus  primase  stimulation  by  replicative  helicase.  We  have  previously  shown 
that  S.  aureus  primase  was  stimulated  by  its  replicative  helicase  {14)  but  we  did  not 
establish  the  level  of  helicase  stimulation.  Therefore,  a  series  of  experiments  were 
performed  in  which  a  range  of  S.  aureus  DnaC  helicase  (up  to  500  nM  hexamer)  was 


incubated  with  S.  aureus  primase  at  three  low  concentrations  (100,  200  or  400  nM)  and  2 
pM  d(TTA)  template. 

At  100  nM  primase,  there  was  very  little  primer  synthesis  in  the  absence  of  DnaC 
helicase  (Fig.  6A).  As  the  DnaC  concentration  increased  up  to  67  nM  hexamer,  the 
amounts  of  the  entire  range  of  primer  lengths  increased.  The  areas  beneath  all  primer 
lengths  remained  roughly  constant  as  the  DnaC  was  increased  up  to  250  nM  hexamer  but 
then  decreased  at  500  nM  hexamer.  Even  though  the  total  primer  yield  was  effected  by 
DnaC,  the  pattern  of  primer  lengths  was  not.  This  effect  was  contrary  to  the  observation 
that  the  helicase  shortened  the  primers  in  the  E.  coli  system  (72). 

Similar  results  were  observed  with  400  nM  primase  (Fig.  6B)  and  200  nM  primase 
(chromatograms  not  shown)  with  the  following  exceptions:  a)  there  were  significant 
numbers  of  primers  synthesized  in  the  absence  of  DnaC;  b)  500  nM  DnaC  hexamer  did 
not  cause  the  same  degree  of  inhibition;  and  c)  the  DnaC  stimulatory  effect  saturated  at 
higher  concentrations  as  the  primase  concentration  was  increased.  In  fact,  maximum 
stimulation  of  200  nM  primase  occurred  between  133  and  250  nM  helicase  hexamer  and 
maximum  stimulation  of  400  nM  primase  occurred  between  200  nM  and  500  nM.  Since 
100  nM  primase  stimulation  saturated  between  33  and  67  nM,  these  ratios  all  suggested 
that  saturation  of  2  primases  per  DnaC  hexamer  was  optimal.  The  apparent  inhibition  of 
100  nM  primase  activity  by  500  nM  DnaC  may  be  due  to  dilution  of  the  primase 
monomers  bound  to  the  DnaC  hexamer  or  primase-free  DnaC  hexamers  that  sequester  the 
ssDNA. 

When  the  moles  of  primer  at  each  length  were  quantified  and  then  summed  to  yield 
total  primers  synthesized,  it  was  observed  that  primer  synthesis  conformed  to  a 


hyperbolic  relationship  with  regard  to  DnaC  concentration  (Fig.  6C).  This  indicated  that 
the  multiple  primase  monomers  were  binding  independently  to  the  DnaC  hexamer.  The 
velocities  in  the  absence  and  presence  of  saturating  helicase  were  determined  by  fitting 
the  data  to  a  saturation  relationship  (Fig.  6C  lines  through  the  data)  resulting  in  a  poor  fit 
for  the  100  nM  primase  data  (R^  =  0.53)  but  with  increasingly  better  fits  for  the  200  nM 
(R^  =  0.82)  and  400  nM  (R^  =  0.986)  primase  data.  When  the  primase  activity  in  the 
absence  of  DnaC  and  in  the  presence  of  extrapolated  saturating  DnaC  were  plotted  versus 
primase  concentration  (Fig.  6D),  the  relationships  were  roughly  linear.  This  was 
expected  because  these  reactions  were  performed  with  a  short  incubation  time  and  in  the 
presence  of  low  primase  concentration  relative  to  2  pM  d(TTA)  template.  The  ratio  of 
the  slopes  for  primase  activity  with  and  without  DnaC  indicated  that  the  helicase 
stimulated  primase  activity  by  3.5-fold.  This  was  greater  than  the  stimulation  observed  in 
the  G.  stearothermophilus  system  {15)  and  less  than  the  15-fold  stimulation  in  the  E.  coli 
system  (72). 

Effect  of  helicase  on  primase  initiation  specificity.  When  E.  coli  primase  activity  was 
stimulated  by  its  replicative  helicase,  it  initiated  from  all  trinucleotides  that  were  tested 
(72,  13).  To  determine  whether  S.  aureus  DnaC  also  relaxed  the  initiation  specificity  of 
its  primase,  the  d(TTA),  d(CTT),  d(CTG),  or  d(TTT)  templates  (2  pM)  were  incubated 
with  primase  (400  nM)  and  DnaC  (133  nM  hexamer)  for  30  min  (Fig.  7).  The  d(TTA) 
template  was  the  only  one  that  supported  a  significant  amount  of  RNA  primer  synthesis, 
just  as  it  was  the  best  template  for  primase  when  it  acted  alone.  Therefore,  S.  aureus 
DnaC  helicase  did  not  relax  the  initiation  specificity  of  S.  aureus  primase. 


DISCUSSION 


The  observations  made  in  this  study  suggest  that  most  but  not  all  properties  of  the 
eubacterial  primase  protein  are  eonserved.  The  findings  eomplement  the  growing  amount 
of  structural  and  functional  data  for  this  important  class  of  proteins. 

Functional  similarities  related  to  mechanism  and  substrate  specificity.  The  S. 
aureus  and  E.  coli  enzymes  are  most  similar  during  the  initiation  phase  of  their 
mechanisms.  Both  enzymes  initiated  from  the  central  nucleotide  of  a  specific 
trinucleotide  sequence  within  the  template.  They  differ  in  that  S.  aureus  primase  initiates 
primer  synthesis  primarily  from  d(TTA)  and  d(CTA)  {14)  while  E.  coli  primase  initiates 
from  d(CTG)  {13,  23).  Both  enzymes  form  the  first  phosphodiester  bond  very  slowly  and 
the  next  8-10  bonds  much  more  quickly.  At  this  point,  the  enzyme  either  becomes  less 
processive  or  dissociates.  The  structurally  divergent  eukaryotic/archaeal  primases  {6,  24, 
25)  share  these  initiation  features  even  though  they  do  not  initiate  from  specific 
trinucleotides  {26).  Therefore,  primases  are  inherently  slow  but  produce  polymers  of 
discrete  lengths  regardless  of  the  primase  source. 

A  recent  macroscopic  kinetic  model  from  the  Viljoen  lab  predicts  that  sampling  the 
dNTP  pool  is  a  critical  factor  in  determining  the  elongation  rate  of  DNA  polymerases 
(27).  At  each  step  along  the  DNA  template,  the  polymerase  withdraws  dNTPs  from  the 
pool  until  it  finds  the  complementary  nucleotide  and  only  then  will  it  begin  catalysis.  As 
an  analogy  to  that  model,  we  propose  that  primer  synthesis  initiation  is  slow  because 
primase  samples  both  the  ssDNA  sequence  and  the  available  NTP  pool  until  a  preferred 
initiating  trinucleotide  is  assembled  with  two  complementary  NTPs.  Considering  that 
primase  crystal  structures  from  both  the  Berger  and  Kuriyan  labs  show  that  the  active  site 


is  very  exposed  (28,  29),  it  is  reasonable  to  expect  that  the  complex  between  the  initiation 
trinucleotide  and  its  two  complementary  NTPs  will  not  be  stable  until  the  N-terminal 
zinc -binding  domain  (ZBD)  clamps  onto  it. 

The  S.  aureus  and  E.  coli  primases  are  also  similar  in  their  low  discrimination  against 
the  insertion  of  NTPs,  dNTPs,  or  ddNTPs.  This  lack  of  sugar  insertion  specificity  is 
shared  with  eukaryotic  primases  (30),  again  indicating  an  inherent  primase  function  that 
is  most  likely  the  result  of  convergent  structural  features.  Similarly,  both  bacterial 
primases  elongate  much  slower  from  a  terminal  dNMP  than  from  an  NMP.  For  both 
enzymes,  insertion  of  a  dNMP  may  provide  a  signal  to  the  DNA  polymerase  to  take  over. 

Primase  is  a  functional  monomer  in  vitro.  There  is  evidence  in  the  literature  that 
primase  dimerizes.  For  instance,  E.  coli  primase  binds  to  G4  origin-containing  ssDNA  as 
a  dimer  according  to  both  crosslinking  and  electrophoretic  mobility  shift  experiments 
with  support  from  solution  binding  studies  (10).  G4ori  DNA  is  very  different  from  the 
unstructured  ssDNA  used  in  the  current  study  however.  The  G4  ori  DNA  forms  hairpins, 
is  able  to  bind  ssDNA  binding  protein  in  a  special  way,  and  most  importantly  is  able  to 
bind  two  primases  (9,  11,  23,  31,  32).  The  ssDNA  templates  used  in  this  study  are 
incapable  of  forming  these  special  stable  hairpins.  In  another  study  using  fluorescence 
resonance  transfer,  the  ZBD  of  one  Aquifex  aeolicus  primase  monomer  was  able  to  bind 
near  the  active  site  of  another  monomer  in  the  presence  of  ssDNA  (33).  These 
experiments  were  performed  at  room  temperature  where  this  thermophilic  primase  must 
bind  particularly  strongly  to  the  ssDNA.  When  these  observations  are  added  to  the 
hypothesis  that  the  fork  helicase  stimulates  primer  synthesis  by  serving  as  a  platform 


upon  which  two  or  more  primuses  assemble  so  that  they  can  interact  (75,  34),  it  raises  the 
question  whether  primase  is  a  functional  monomer  or  dimer  when  it  acts  alone. 

In  the  current  study  with  S.  aureus  primase,  the  hyperbolic  primase-dependence  of 
synthesis  indicates  that  primase  functions  as  a  monomer  in  vitro.  Primase  could  not  be 
crosslinked  to  form  dimers  and  our  numerous  attempts  to  photocrosslink  primase  and 
ssDNA  using  either  UV-irradiation  of  P-end  labeled  ssDNA  or  iodated  uracil- 
containing  ssDNA  showed  only  monomeric  primase-ssDNA  complexes  (data  not  shown). 
Therefore,  the  interaction  between  primase  and  ssDNA  is  weak  and  transient  such  that 
fork  helicase  and/or  auxiliary  proteins  are  probably  required  to  bring  multiple  monomers 
in  proximity  with  one  another. 

Functional  differences  relate  to  helicase  stimulation.  The  major  functional 
differences  between  S.  aureus  and  E.  coli  primuses  relate  to  their  interactions  with  their 
respective  replicative  helicases.  In  the  S.  aureus  system,  DnaC  helicase  stimulates 
primase  activity  3.5-fold,  does  not  alter  the  primase  initiation  specificity,  and  does  not 
alter  the  pattern  of  primers  synthesized  by  very  much.  The  E.  coli  DnaB  helicase 
stimulates  its  primase  by  15-fold,  broadens  the  primase  initiation  specificity  to  all 
trinucleotide  sequences,  and  limits  the  RNA  primer  size  to  12  bases  or  less  (72,  13). 

The  different  interactions  that  we  have  reported  for  the  primase-helicase  interaction 
between  Gram-negative  E.  coli  and  Gram-positive  S.  aureus  may  reflect  the  different 
structures  of  the  primase  C-terminal  domain  (CTD)  (33,  36).  Specifically,  the  CTD  from 
Gram-negative  E.  coli  primase  has  a  long  helix  5  that  holds  its  extreme  C-terminal  helix- 
tum-helix  helicase-interacting  subdomain  far  from  the  5 -helix  bundle  that  makes  up  its 
other  subdomain.  This  differs  with  Gram-positive  G.  stearothermophilus  primase  CTD, 


which  has  two  bends  in  its  equivalent  to  the  E.  coli  helix  5  so  that  its  extreme  C-terminal 
helix-tum-helix  clusters  with  the  5-helix  bundle. 
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FIGURE  CAPTIONS  AND  FIGURES 


FIG.  1.  Crosslinking  of  GST-Primase  as  analyzed  by  denaturing  gel  eleetrophoresis. 
Primase  (4  pM)  was  ineubated  in  the  absence  or  presence  of  reducing  agent  and/or 
crosslinking  agent.  The  sizes  of  the  molecular  weight  markers  are  indicated.  The  GST- 
primase  monomer  mass  is  101.7  kDa  based  on  its  sequence.  The  GST-primase  monomer 
mass  is  100.4  kDa  as  calculated  from  a  comparison  to  the  standards  on  this  gel. 
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FIG.  2.  Primer  synthesis  time  course  was  visualized  by  denaturing  HPLC  (left)  and 
quantified  (right).  The  d(TTA)  template  was  1  pM,  the  primase  was  2  pM,  and  the 
samples  were  incubated  for  30,  60,  120  and  180  min.  Each  sample  was  gathered  in 
triplicate  but  only  one  representative  chromatogram  was  reproduced  below.  In  the  figure 
to  the  right,  the  average  and  standard  deviation  of  three  experiments  were  plotted  even 
though  the  size  of  the  circles  was  sometimes  larger  than  the  standard  deviation.  The  line 
through  the  quantified  data  conformed  to  the  first-order  rate  equation. 


FIG.  3.  Primase-concentration  dependence  of  RNA  primer  synthesis  was  visualized  by 
denaturing  HPLC  (left)  and  quantified  (right).  The  d(CTA)  template  concentration  was  2 


pM,  the  primase  concentrations  are  indicated  on  the  chromatograms,  and  all  samples 
were  incubated  for  90  min.  The  dashed  line  indicates  the  theoretical  stoichiometric  case 
in  which  1  primer  would  be  synthesized  per  template.  The  solid  line  through  the 
quantified  data  conformed  to  the  quadratic  equation  for  primase-ssDNA  complex 
formation  from  its  components. 


FIG.  4.  Site-specific  nucleotide  insertion  was  visualized  by  denaturing  HPLC  (left)  and 
quantified  (right).  In  all  reactions,  the  d(CTA)  template  concentration  was  1.5  pM,  the 
primase  concentration  was  1 .5  pM,  all  samples  were  incubated  for  60  min,  and  40PpM 
each  of  ATP,  UTP  and  GTP  were  present.  There  was  no  CTP  in  any  of  the  samples.  The 
d(CTA)  template  (in  fact,  all  templates)  had  a  guanine  in  the  antepenultimate  position  so 
that  primase  would  only  be  able  to  synthesize  a  14-mer  that  initiated  from  the 
trinucleotide’s  thymine  in  the  presence  of  CTP  or  suitable  substitutes.  In  the 
chromatograms  from  bottom  to  top,  the  samples  contained:  no  CTP,  400  pM  CTP;  25 
pM  dCTP;  75  pM  dCTP;  25  pM  ddCTP;  and  75  pM  ddCTP.  The  solid  line  through  the 
quantified  data  in  panel  B  conformed  to  a  modified  Michaelis-Menten  relationship  that 
allowed  for  a  minimum  fraction  of  mis-insertion  and/or  mis-incorporation. 


FIG.  5.  Template-concentration  dependence  of  RNA  primer  synthesis  was  visualized  by 
denaturing  HPLC  (left)  and  quantified  (right).  The  d(CTA)  template  concentration  are 
indicated  on  the  chromatograms,  the  primase  concentration  was  2  pM,  and  all  samples 
were  incubated  for  90  min.  The  dashed  line  indicates  the  theoretical  stoichiometric  case 
in  which  1  primer  would  be  synthesized  per  template.  The  solid  line  through  the 
quantified  data  conformed  to  the  quadratic  equation  for  primase-ssDNA  complex 
formation  from  its  components. 


FIG.  6.  Helicase  stimulation  of  RNA  primer  synthesis  was  visualized  by  denaturing 
HPLC  (A  shows  100  nM  primase,  200  nM  primase  chromatograms  are  not  shown,  and  B 
shows  400  nM  primase).  The  concentrations  of  S.  aureus  DnaC  helicase  hexamer  are 
indicated  on  the  chromatograms.  The  d(TTA)  template  concentration  was  2  pM  and  all 
samples  were  incubated  for  30  min.  The  lowest  chromatogram  in  A  was  a  negative 
control  containing  buffer  but  no  enzymes  or  ssDNA.  After  the  primer  yields  were 
calculated,  S.  aureus  primase  activity  was  plotted  versus  S.  aureus  DnaC  helicase 
concentration  and  fit  to  the  relevant  saturation  equation  (C).  Then,  the  primase  activity  in 
the  absence  (D,  open  circles)  and  extrapolated  maximal  activity  in  the  presence  of 
helicase  (D,  filled  circles)  were  plotted  versus  primase  concentration. 
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FIG.  7.  Primase  initiation  specificity  when  stimulated  by  helicase  was  visualized  by 
denaturing  HPLC.  The  primase  concentration  was  400  nM,  the  DnaC  hexamer 
concentration  was  133  nM,  and  all  samples  were  incubated  for  30  min.  The  template 
concentration  was  2  pM  and  had  the  sequence  5’-CAGA(CA)5XYZ(CA)3-3’,  where  XYZ 
is  the  initiation  trinucleotide  indicated  on  the  chromatograms. 
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SCHEME  TITLE  AND  SCHEME 


SCHEME  E  S.  aureus  primase  activity  assay  using  the  d(TTA)  template. 

5 ' - CAGACACACACACATTACACACA- 3 

I  primase 
I  rNTPs 
4  Mg2-^ 

3  '  -  GUCUGUGUGUGUGUAAppp- 5  ' 

5 ■ -CAGACACACACACATTACACACA -3 


TABLES 


TABLE  1.  Single-stranded  DNA  templates 


Name 

5 ’-3’  Sequence^^ 

s  (M'^cm'*) 

d(CTA)  template 

d(CAGACACACACACACTACACACA) 

229,600 

d(CTG)  template 

d(CAGACACACACACACTGCACACA) 

225,500 

d(CTT)  template 

d(CAGACACACACACACTTCACACA) 

224,700 

d(GTA)  template 

d(CAGACACACACACAGTACACACA) 

234,100 

d(TTA)  template 

d(CAGACACACACACATTACACACA) 

231,500 

d(TTT)  template 

d(CAGACACACACACATTTCACACA) 

226,600 

The  3 ’-hydroxyl  of  all  templates  is  blocked  with  C3  propanediol. 


TABLE  2.  Molar  Extinction  Coefficients  of  Various  RNA  Polymers’* 


Length 

Extinction 

8  (M'*cm'') 

RNA  Sequence 

Relative 

16 

144,000 

AGUGUGUGUGUGUCUG 

(1.000) 

15 

135,000 

AGUGUGUGUGUGUCU 

0.938 

14 

127,200 

AGUGUGUGUGUGUC 

0.883 

13 

121,000 

AGUGUGUGUGUGU 

0.840 

12 

112,500 

AGUGUGUGUGUG 

0.781 

11 

103,500 

AGUGUGUGUGU 

0.719 

10 

95,000 

AGUGUGUGUG 

0.660 

9 

86,000 

AGUGUGUGU 

0.597 

8 

77,500 

AGUGUGUG 

0.538 

‘*The  extinction  coefficients  were  calculated  with  IDT  OligoAnalyzer  3.0  by  the  nearest 


neighbor  method  using  accurate  nucleotide  extinction  coefficients  (37). 
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Abstract — Primase  and  DnaB  helicase  play  central  roles  during  DNA  replication  initiation  and  elongation.  Both  enzymes  are  drug 
targets  because  they  are  essential,  persistent  among  bacterial  genomes,  and  have  different  sequences  than  their  eukaryotic  equiva¬ 
lents.  Myricetin  is  a  ubiquitous  natural  product  in  plants  that  is  known  to  inhibit  a  variety  of  DNA  polymerases,  RNA  polymerases, 
reverse  transcriptases,  and  telomerases  in  addition  being  able  to  inhibit  kinases  and  helicases.  We  have  shown  that  myricetin  inhibits 
Escherichia  coli  DnaB  helicase  according  to  a  mechanism  dominated  by  noncompetitive  behavior  with  a  K\  of  10.0  ±  0.5  pM.  At 
physiological  ATP  concentration,  myricetin  inhibits  £  coli  DnaB  helicase  with  an  inhibitory  concentration  at  50%  maximal 
(ICso)  of  1 1.3  ±  1.6  pM.  In  contrast,  myricetin  inhibited  £  coli  primase  at  least  60-fold  weaker  than  DnaB  helicase  and  far  weaker 
than  any  other  polymerase. 

©  2007  Published  by  Elsevier  Ltd. 


1.  Introduction 

Helicase  and  primase  are  required  during  DNA  replica¬ 
tion  because  DNA  is  an  antiparallel  duplex  and  because 
no  replicative  DNA  polymerase  is  able  to  initiate  poly¬ 
mers  de  novo.  Primase  is  a  specialized  DNA-dependent 
RNA  polymerase  that  generates  short  oligoribonucleo- 
tide  polymers  de  novo  that  can  be  elongated  by  DNA 
polymerase.'-^  During  DNA  replication,  primase  initi¬ 
ates  the  leading  strand  synthesis  at  least  once  and  the 
lagging  strand  synthesis  many  times.  Even  though  all 
autonomous  life  forms  store  their  genetic  information 
in  duplex  DNA  and  use  a  primase  to  initiate  leading 
and  lagging  strand  DNA  synthesis,  the  primases  from 
archaea  and  eukaryotes  are  structurally  unrelated  to 
the  primases  from  prokaryotes.^-^  In  Escherichia  coli, 
conditionally  lethal  mutations  in  the  primase  gene  yield 
lethal  phenotypes  under  the  non-permissive  conditions, 
demonstrating  the  essentiality  of  the  enzyme.^-^  The 
indispensable  function  of  primase  and  the  structural 
divergence  of  the  eukaryotic  and  prokaryotic  primases 


Abbreviation:  ssDNA,  single-slrandcd  DNA. 
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have  led  to  the  identification  of  the  enzyme  as  a  target 
for  novel  antibiotic  development.^-* 

The  DnaG  protein  from  £.  coli  is  the  model  eubacterial 
primase  because  its  structure  and  function  have  been 
extensively  characterized.  It  has  been  demonstrated  that 
£.  coli  DnaG  primase  is  slow,  binds  ssDNA  as  a  dimer, 
and  that  interaction  with  DnaB  helicase  stimulates  its 
catalytic  activity  over  15-fold.^  '~  £.  coli  DnaG  primase 
specifically  initiates  RNA  primer  synthesis  complemen¬ 
tary  to  the  trinucleotide  5'-d(CTG)-3'  in  vitro,  and 
£.  coli  Okazaki  fragment  initiation  maps  to  a  d(CTG) 
on  the  chromosomal  template  strand  in  vivo.'^-''^ 

DnaB  helicase  from  £.  coli  is  the  model  eubacterial  heli¬ 
case  that  unwinds  duplex  DNA  at  the  replication  fork  so 
that  the  two  strands  can  be  replicated  by  the  combina¬ 
tion  of  primase  and  DNA  polymerase.'^  In  £.  coli,  con¬ 
ditionally  lethal  mutations  in  the  dnaB  gene  yielded 
lethal  phenotypes  under  the  non-permissive  conditions, 
demonstrating  the  essentiality  of  the  gene  product  for 
replication  elongation  and  initiation.'*^-®  During  the 
initiation  phase  of  replication,  £.  coli  DnaB  helicase 
interacts  with  DnaA  origin-binding  protein,  DnaC  heli¬ 
case  loading  protein,  and  primase.- During  the  elon¬ 
gation  phase,  dimeric  DNA  polymerase  III  is  tethered  to 
the  helicase  via  its  tau  subunit  and  primase  repeatedly 
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Figure  1.  The  structures  of  (a)  myricelin  and  (b)  quercetin  differ  with  regard  to  the  hydro^cyls  on  carbons  3  and  5^  Tests  with  a  variety  of  flavonoids 
revealed  that  the  3^  and  5'  hydroxyls  of  myricetin  were  very  important  for  its  ability  to  inhibit  RSFlOlO  Rep  A  helicase  better  than  the  other 
flavonoids.^^ 


and  transiently  interacts  with  the  helicase  to  initiate  lag¬ 
ging  strand  sy n thesis During  the  termination  phase, 
the  replication  machinery  is  prevented  from  over-repli¬ 
cating  the  genome  by  the  inhibitory  interaction  between 
the  Tus  protein  and  DnaB  helicase.^^  As  the  central  hub 
of  the  replication  machinery  and  given  the  structural 
divergence  of  the  eukaryotic  and  prokaryotic  fork  heli- 
cases,  DnaB  is  considered  to  be  a  novel  target  for  anti¬ 
biotic  development. 

High-throughput  assays  have  been  developed  for  heli¬ 
case  activity,  primase  activity,  and  helicase-stimulated 
primase  activity  to  identify  novel  inhibitors  of  these 
two  enzymes. Prirnase  activity  assays  have  been 
used  to  identify  several  natural  product  inhibitors,  such 
as  a  bicyclic  macrolide,  two  phenolic  saccharides,  and  a 
group  of  synthetic  compounds  identified  from  a  series  of 
virtual  and  real  screens The  phenolic  saccharides 
are  not  good  leads  because  they  inhibit  primase  activity 
through  their  ability  to  bind  to  ssDNA  and  thereby 
occlude  primase.  Helicase  activity  assays  have  identified 
inhibitors  from  among  the  known  families  of  flavonols 
and  triaminotriazines.  ‘  TTiese  families  of  compounds 
inhibit  many  helicases  and/or  kinases.^ 

Flavonoids  provide  flavor  and  color  to  all  parts  of 
plants.  Over  5000  different  flavonoids,  including  myrice¬ 
tin  and  quercetin  (Fig.  1),  have  been  described  and  some 
of  them  have  been  tested  for  biological  activity.^"^  Many 
flavonoids  have  anti -carcinogenic  and  antibacterial 
activities  but  the  sites  of  action  are  known  for  only  a 
few.^^  One  of  the  exceptions  is  that  quercetin’s  antimi¬ 
crobial  activity  can  be  attributed  in  part  to  its  inhibition 
of  gyrase.  Myricetin  has  been  shown  to  have  antimicro¬ 
bial  activity  but  it  has  not  been  possible  to  attribute  its 
effect  to  any  one  target.  Determining  its  target  has  been 
difficult  because  flavonoids  tend  to  aggregate,  adhere  to 
the  container  surface,  and  immobilize  the  enzyme  being 
assayed  so  that  it  is  inactivated  by  a  nondrug-like  mech- 
anism.^^’^^  Nevertheless,  careful  analysis  has  shown  that 
myricetin  and  quercetin  inhibit  a  variety  of  DNA  poly¬ 
merases,  RNA  polymerases,  reverse  transcriptases,  and 
lelomerases.^®^^ 

In  the  present  study,  it  was  discovered  that  DnaB  heli¬ 
case  activity  was  60  times  more  sensitive  to  myricetin 
than  was  primase  activity.  In  fact,  primase  was  the  least 
myricetin-sensitive  of  all  polymerases  tested  so  far.  The 
myricetin  inhibition  kinetics  of  the  DnaB  ATPase  activity 


were  consistent  with  simple  noncompetitive  inhibition 
with  physiological  amounts  of  the  substrate  ATP. 


2,  Results 

The  purpose  of  this  study  was  to  determine  the  extent  to 
which  myricetin  was  capable  of  inhibiting  E.  coli  DnaB 
helicase,  primase,  and  DnaB-stimulated  primase  activ¬ 
ity.  The  results  showed  that  DnaB  helicase  was  much 
more  sensitive  to  myricetin  than  was  primase. 

2*1.  Myricedn  inhibition  of  DnaB  ATPase  activity 

After  some  preliminary  experiments  to  establish  the  best 
range  of  concentrations,  the  inhibition  of  DnaB  ATPase 
activity  was  analyzed  as  a  function  of  ATP  and  myrice¬ 
tin.  In  the  absence  of  myricetin  (Fig.  2a  and  b),  the  ATP 
concentration  dependence  exhibited  hyperbolic  satura¬ 
tion  kinetics  with  a  of  31  pM  ATP  and 

Pmax  ”  2870  nM/s  (Table  1).  These  were  similar  to 
reported  values.'^^*'*^  Hyperbolic  kinetics  indicated  that 
all  of  the  ATP  active  sites  were  equal  and  non-interact¬ 
ing  even  though  the  enzyme  has  six  identical  subunits 
per  functional  complex.  As  the  myricetin  was  increased 
to  12  pM,  the  apparent  decreased  2.7-fold  whereas 
the  apparent  Km  decreased  1 1-fold.  The  decrease  in  the 
apparent  Km  was  not  consistent  with  competition 
between  ATP  and  myricetin  for  the  active  site.  Simple 
competitive  inhibition  would  have  increased  the  Km 
according  to  the  relationship  of  ==  J^m{1  -f  [I]/^i)i 
where  is  the  apparent  and  is  the  median  inhi¬ 
bition  concentration.  When  myricetin  was  increased  to 
30  pM,  the  apparent  Km  and  apparent  decreased 
by  about  the  same  amount  indicating  that  the  kinetic 
affinity  for  ATP  was  no  longer  being  so  dramatically  af¬ 
fected.  Higher  myricetin  concentration  led  to  a  contin¬ 
ued  decrease  in  apparent  Fmax  but  an  increase  in  the 
apparent  /Cm?  which  was  finally  consistent  with  some 
small  degree  of  competitive  inhibition. 

The  decrease  in  apparent  suggested  that  it  may  be 
due  to  noncompetitive  inhibition,  in  which  the  inhibitor 
is  able  to  bind  to  both  the  free  enzyme  and  the  enzyme- 
substrate  complex  to  create  a  “dead  end’’  complex  that 
is  inactive.  Simple  noncompetitive  inhibition  decreases 
the  Fjnajt  according  to  the  relationship  of  = 
+  [I]/^i)^  where  is  the  apparent  F^.^^  and 
K\  is  the  median  inhibition  concentration.  The 
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Figure  2*  The  effect  of  ATP  and  myricetin  on  E  coO  DnaB  ATPase.  In  panels  a  and  b,  the  myricetin  concentrations  were  0  (•),  12  (■),  30  (□). 

and  60  (A).  In  panel  c,  apparent  kinetic  constants  from  the  data  were  plotted  versus  myricetin  concentration,  [n  panel  d,  the  ATPa^  activity  was 
replotted  versus  myricetin  concentration  such  that  the  ATP  concentrations  were  1  pM  (•),  3  pM  (■),  10  pM  (A),  150  pM  (O),  and  1  mM  ATP  (□), 


Table  L  Apparent  Michaelis-Memen  constants  for  E.  coii  Dnafl 
hclicasc  in  the  presence  of  myricetin 


Myrioitm  (jjlM) 

f'™,  (mM/s) 

n'u  (mM) 

0 

2.87  ±  0.09 

31  ±3 

0.998 

6 

1.64  ±0.08 

17±3 

0.989 

12 

1.06  ±0.07 

2.9  ±  0.9 

0.958 

30 

0.61  ±0.04 

2.3  ±  0.8 

0.952 

60 

0.35  ±  0.05 

4.5  ±3.1 

0.801 

mathematical 

inversion  of 

this 

equation 

(1/C.x  =  indicates  that  a  plot  of 

versus  [I]  will  be  linear  if  it  conforms  to  noncom¬ 
petitive  inhibition  and  that  the  slope  and  ^^-intercept  can 
be  used  to  determine  the  inhibition  constant.  When  the 
data  were  so  plotted,  they  yielded  a  linear  relationship 
(Fig.  2c  circles)  and  a  A';  of  10.0  ±  0.5  fiM,  Therefore, 
the  decrease  in  enzyme  activity  as  a  function  of  myrice- 
lin  at  saturating  ATP  was  due  to  noncompetitive 
inhibition. 

To  determine  the  inhibitor  concentration  that  causes 
50^/i>  inhibition,  IC50,  the  ATPase  activity  was  replotted 
versus  myricetin  concentration  (Fig,  2d).  At  the  highest 
ATP  concentrations,  150  pM  (solid  line)  and  1  mM 
(dashed  line),  the  data  conformed  to  the  inhibition  equa¬ 
tion:  %  activity  =  [1]/(IC50  +  [I]).  Fitting 

the  ISOpiM  ATP  data  revealed  that  the  was 

2340  ±  50  nM/s  and  IC50  was  10.2  ±  0.6  pM  myricetin 
with  an  of  0.997.  At  I  mM  ATP,  the  was 


2510  ±  110  nM/s  and  IC50  was  1 1.3  ±  1.6  pM  myricetin 
with  an  of  0.9S6.  These  values  were  statistically  the 
same  as  the  showing  that  the  dominant  inhibition 
mechanism  at  high  and  saturating  ATP  was  noncompet¬ 
itive.  An  examination  of  the  myricetin  effect  (Fig.  2d) 
further  showed  that  myricetin  stimulated  ATPase  when 
its  concentration  was  less  than  12  pM  and  the  ATP  con¬ 
centration  was  less  than  10  pM.  At  these  low  non-phys- 
iological  ATP  concentrations  (Fig.  2d),  the  effects 
(Fig.  2c)  indicate  that  myricetin  binding  to  non-active 
sites  was  able  to  enhance  ATPase  activity  by  increasing 
the  enzyme's  kinetic  affinity  for  ATP  more  than  its 
decreases. 

2.2.  Myricetin  inhibition  of  primase  aione 

The  ability  of  myricetin  to  inhibit  primase  activity  in  the 
absence  of  DnaB  was  tested  because  it  is  an  inhibitor  of 
a  variety  of  DNA  polymerases,  RNA  polymerases,  and 
reverse  transcriptases.  This  was  also  an  important 
control  for  the  more  physiologically  relevant  reaction 
of  DnaB-stimulated  primer  synthesis.  When  myricetin 
was  added  to  the  reaction  containing  primase  and  its 
substrates,  it  barely  inhibited  in  a  concentration-depen¬ 
dent  manner  (Fig.  3).  It  was  not  possible  to  test  higher 
myricetin  concentrations  due  to  myricetin's  low  solubil¬ 
ity.  Even  though  the  error  in  each  measurement  is  about 
5%,  the  same  scale  as  the  effect,  fitting  of  the  data  to  the 
inhibition  equation  revealed  that  the  IC50  was 
700  ±  300  pM  myricetin.  The  consequence  was  that 
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Figure  The  effect  of  myricelin  on  E.  coii  primase  activity  in  the 
presence  (•)  and  absence  (O)  of  K  coU  DnaB  helicase.  Each  data  set 
was  normalized  to  the  number  of  primers  synthesized  in  the  absence  of 
myricetin.  In  the  absence  of  hel lease,  primase  activity  was  weakly 
inhibited  and  poorly  fit  but  the  constants  were  Vniax  =  99  ±  2%, 
IC50  =  ^00  ±  500  myricetin,  and  an  Fr  of  0,634.  DnaB-stimulated 
primer  synthesis  could  not  be  fit  to  a  hyperbolic  relationship  so  a  line 
was  drawn  through  the  data  to  show  the  trends 


myricetin  inhibited  primase  activity  60  times  weaker 
than  it  inhibited  DnaB  ATPase  activity  and  much  weak¬ 
er  than  the  low  micromolar  icon's  for  DNA  polymer¬ 
ases,  RNA  polymerases,  reverse  transcriptases,  and 
telomerases*^®  It  may  be  relevant  that  the  structure 
of  bacterial  primase  differs  from  those  palm-type  nucleic 
acid  polymerases  in  that  it  has  a  ‘cashew-shaped'  active 
site  shared  by  no  other  polymerase  family 

2.3.  Myricetin  inhibition  of  DnaB-stimuIated  primer 
synthesis 

Primase  and  DnaB  stimulate  each  other's  activities."^^  Of 
these  cross- reactivities,  the  DnaB  stimulation  of  primer 
synthesis  activity  is  the  most  relevant  to  DNA  replica¬ 
tion  because  DNA  polymerase  cannot  synthesize  DNA 
without  the  resulting  primer.  Therefore,  primer  synthe¬ 
sis  by  primase  was  measured  with  and  without  helicase 
as  a  function  of  myricetin  concentration.  Unfortunately, 
the  controls  without  myricetin  but  with  DM  SO  showed 
that  0.5-4%  DMSO,  which  would  be  added  with  10- 
40  pM  myricetin  as  its  solvent,  completely  inhibited 
the  helicase  stimulation  when  it  was  present  at  its  most 
stimulatory  ratio  relative  to  the  primase.'^’’^'*^  This  re¬ 
duced  level  of  primase  activity  was  the  same  as  primase 
alone  and  may  reflect  a  slight  stimulation  effect  by  the 
myricetin  (Fig.  3).  Therefore,  DMSO  may  not  cause  pri¬ 
mase  and  helicase  to  dissociate  from  each  other,  but 
rather  the  presence  of  helicase  may  alter  the  ability  of 
primase  to  be  inhibited  by  myricetin. 


3»  Discussion 

Myricetin  is  one  of  the  six  major  flavonoids,  plant  pig¬ 
ments  found  in  many  foods  and  beverages,  that  are 


hexameric  coli  DnaB  with  a  K\  and  IC5()  of  about 
lOjiM.  The  results  also  showed  that  myricetin  would 
be  an  effective  inhibitor  at  the  log-phase-growth-phase 
ATP  concentration  of  3  mM."*^  The  inhibitory  mecha¬ 
nism  was  noncompetitive,  indicating  that  myricetin  does 
not  bind  to  the  active  site.  Even  though  the  mechanism 
for  ATP  hydrolysis  by  hexameric  helicases  is  complex, 
the  current  model  for  DnaB  is  that  ATP  can  bind  and 
be  hydrolyzed  in  the  active  site  of  every  other  subunit.*^^ 
Binding  of  ATP  to  the  remaining  three  subunits  is  weak¬ 
er  and  negatively  cooperative.^^  For  these  reasons,  it  is 
interesting  to  speculate  that  myricetin  is  binding  to  the 
unfilled  active  sites  to  shut  down  the  hydrolytic  activity 
of  the  ATP-bound  active  sites. 

The  unwinding  mechanism  of  the  T7  gene  4  protein,  a 
DnaB  homolog,  has  been  proposed  to  pass  ssDNA  from 
one  subunit  to  another  within  the  toroid  as  each  adja¬ 
cent  subunit  binds  ATP,  hydrolyzes  it,  and  then  releases 
ADP  and  phosphate.^'  When  myricetin  concentration  is 
low,  it  must  bind  at  or  near  the  ATP  pocket  of  one  sub¬ 
unit  such  that  it  stimulates  ATP  synthesis  in  adjacent 
subunits.  When  myricetin  concentration  is  moderate  or 
high,  it  must  bind  to  more  than  one  subunit  to  lock 
the  homohexamer  into  an  inactive  complex. 

Other  studies  have  shown  that  myricetin  inhibited 
RSFlOlO  RepA,  a  distant  hexameric  helicase  homolog, 
with  u  K[~  23  pM  and  ICsa  =  50  This  is  substan¬ 
tially  weaker  than  the  inhibition  of  DnaB  helicase  de¬ 
scribed  here.  The  RepA  myricetin  inhibition  kinetics 
also  differed  from  those  with  DnaB  in  that  they  were 
competitive.  Nevertheless,  of  the  several  flavonoids  this 
group  tested,  myricetin  was  the  most  effective  at  inhibit¬ 
ing  cellular  growth.  The  minimal  inhibitory  concentra¬ 
tion  for  E.  coli  was  0.50mg/mL  and  for  Bacillus 
subtilis  was  0.25  mg/mL.^' 

RSFlOlO  RepA  differs  from  both  bacterial  DnaB  and 
T7  gene  4  protein  in  that  it  lacks  a  distinct  N-lerminal 
domain.^^’^^  Specifically,  DnaB  is  composed  of  three  do¬ 
mains:  the  N-terminal  domain  (NTD  or  DnaBa),  the 
ATPase  shoulder  (DnaBji),  and  the  C- terminal  hexa- 
merization  domain  (DnaBy),  Bacterial  primase  binds 
to  the  linker  that  connects  the  DnaB  NTD  with  its  ATP¬ 
ase  domain.^^  Even  though  RepA  interacts  with  RepC 
initiator  protein  and  RepB'  primase,  neither  of  those 
two  enzymes  is  related  by  sequence  to  either  coli 
DnaA  or  DnaG  primase.  Our  results  indicate  that 
RSFlOlO  RepA  is  not  a  good  model  for  DnaB  perhaps 
because  it  lacks  an  N-terminal  interaction  domain. 

There  is  only  one  crystal  structure  of  inhibitory  myrice¬ 
tin  bound  to  one  of  its  targets  phosphatidylinositol-3-ki- 
nase  (PIK3)  (lE90,pdb),^^  Myricetin  and  13  other 
flavonoids  are  low  micromolar  competitive  inhibitors 
of  PIK3,  which  is  involved  in  signal  transduction.^^  Gi¬ 
ven  that  they  inhibited  with  similar  affinities,  it  was 
remarkable  to  find  that  every  one  of  the  five  co-crystal- 
lized  fiavonoids  adopted  a  different  orientation  within 
the  PIK3  ATP  site.  For  instance,  myricetin  bound  at  a 


nutritionally  interesting  primarily  for  their  antioxidant  different  angle  than  the  structurally  similar  quercetin 

activities."*^  We  show  here  that  myricetin  inhibits  homo-  (lESW.pdb).  Nevertheless,  since  the  ATPase  sites  of 
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RepA  and  DnaB  are  smaller  than  the  ATP  binding  site 
of  PIK3,  it  should  be  possible  to  design  compounds  that 
fit  more  snugly  into  their  active  sites. 

New  and  emerging  pathogenic  bacteria  and  the  rise  in 
multi-drug-resistant  bacterial  strains  are  driving  the 
need  to  discover  novel  antibiotics.  Only  a  few  DNA  rep¬ 
lication  enzymes  are  targets  for  current  antibiotics.  Bac¬ 
terial  primase  and  DnaB  helicase  are  novel  targets  that 
are  beginning  to  generate  lead  compounds  from  among 
natural  products.  In  future  studies,  we  will  use  structural 
models  of  the  DnaB  helicase  active  site  to  help  engineer 
myricetin’s  structure  to  improve  its  selectivity  and 
strength. 


4.  Materials  and  methods 

4>1.  Reagents 

The  E.  coli  DnaB  helicase  and  primase  were  expressed 
and  purified  as  described.^®^'^  Ribonucleoside  triphos¬ 
phates  (NTPs)  were  from  Promega  (Madison,  WI). 
Myricetin,  magnesium  acetate,  potassium  glutamate, 
Hepes,  and  DTT  were  from  Sigma  (St.  Louis,  MO), 
Myricetin  was  dissolved  in  ethanol  and  its  stock  concen¬ 
tration  determined  using  an  extinction  coefficient  at 
378  nm  of  20,400  M“'  It  was  then  diluted  into 

DMSO  for  use  in  the  experiments, 

4*2.  Coupled  ATPase  assay 

ATP  hydrolysis  by  E.  coli  DnaB  was  measured  by  an 
NADH-coupled  assay  during  which  ATP  was  regener¬ 
ated  by  the  combined  action  of  lactate  dehydrogenase, 
pyruvate  kinase,  and  their  substrates*'^*^'"^  The  regenera¬ 
tion  reaction  caused  the  loss  of  one  NADH  for  every 
ATP  hydrolyzed  in  the  primary  reaction,  such  that 
ATP  remained  constant  while  NADH  declined  accord¬ 
ing  to  the  ATPase  activity  of  DnaB.  NADH  was  contin¬ 
uously  monitored  at  its  absorption  maximum  of  340  nm, 
and  its  extinction  coefficient  plus  stoichiometric  factors 
were  used  to  determine  the  moles  ATP  hydrolyzed  per 
minute.  The  reaction  buffer  was  50  mM  Hepes, 
100  mM  potassium  glutamate,  pH  7,5,  10  mM  DTT, 
400  pM  NTPs,  and  10  mM  magnesium  acetate. 

43*  Primer  synthesis  assay 

Thermally  denaturing  HPLC  analysis  was  used  to  deter¬ 
mine  the  size,  composition,  and  quantity  RNA  primers 
synthesized  as  previously  described  Briefly,  RNA  pri¬ 
mer  synthesis  reactions  were  performed  in  100  pi  nucle- 
ase-free  water  reactions  containing  50  mM  HEPES, 
100  mM  potassium  glutamate,  pH  7.5,  10  mM  DTT, 
400  pM  NTPs,  and  10  mM  magnesium  acetate.  DnaB 
helicase  (800  nM  hexamer)  and  ssDNA  template 
(2  pM)  were  preincubated  to  the  reaction  temperature 
before  the  addition  of  primase  (2  pM).  HPLC  purified 
synthetic  ssDNA  23-mer  with  the  sequence  5'- 
d(CAGACACACACACACIGCACACA)-3'  and  with 
its  3'-end  blocked  by  a  C3  linker  was  obtained  from 
Integrated  DNA  Technologies  (Coralville,  lA).  E.  cali 


primase  initiates  from  the  d(CTG)  trinucleotide  under¬ 
lined  in  the  template  sequence*  After  incubation  at 
30  ""C  for  1  h,  the  samples  were  desalted  through  a 
Microspin  G-25  column  (Amersham,  Piscataway,  NJ) 
and  then  separated  by  thermally  denaturing  HPLC  on 
a  WAVE  HPLC  Nucleic  Acid  Fragment  Analysis  Sys¬ 
tem  with  a  DNASep  HPLC  column  from  Transgenomic 
(Omaha,  NE). 

4.4.  Data-fitting 

The  data  were  fit  to  the  indicated  equations  using  Prism 
4  for  Macintosh  (GraphPad  Software,  San  Diego,  CA), 
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